1. Introduction {#sec1}
===============

Environmentally-assisted cracking (EAC) spans several forms, including intergranular attack, stress corrosion cracking (SCC) and corrosion-fatigue \[[@bib45]; [@bib46]; [@bib155]; [@bib167]; [@bib166]\]. Several major disasters have involved SCC, including the rupture of high-pressure gas transmission pipes, failure of boilers, and destruction of power stations and oil refineries \[[@bib39]\]. It is widely recognised and, indeed, well established that there are three pre-requisites for EAC to occur ([Figure 1](#fig1){ref-type="fig"}): (i) a susceptible material; (ii) an appropriate environment; and (iii) a sufficient tensile stress, either applied or residual. In general, SCC occurs under either static or slowly varying loads, whereas corrosion-fatigue is associated with cyclic loads.Figure 1Venn diagram showing the main contributions to EAC[1](#fn1){ref-type="fn"}.Figure 1

In engineering components and structures, the development of cracks in aqueous environments can be characterised into three stages, as illustrated in [Figure 2](#fig2){ref-type="fig"}:(i)crack pre-initiation and initiation(ii)small cracks(iii)long cracksFigure 2Summary of typical processes at stages associated with the development of cracks in aqueous environments: (ia) crack precursors; (ib) initiation; (ii) short cracks; (iii) long cracks.Figure 2

As pointed out by [@bib168], length-scale is an important challenge since there are large data sets related to long cracks, whereas at the shorter length-scales both qualitative and quantitative characterisation of damage and crack growth need to be resolved. Certainly, in the first stage there is degradation of a smooth surface as a precursor to cracking. As shown by [@bib45], this stage can involve localised corrosion at preferential sites, leading to the development of occluded cells that fill with corrosion products. As a consequence, local corrosion pits are frequently formed. The next stage combines the local stresses and strains associated with these pits to initiate SCC. [@bib168], using X-ray computed tomography (XCT), showed that the transition from a pit to a crack does not necessarily occur at the base of such a pit. Rather, it can occur at the side of a pit, where finite element (FE) analysis revealed localised dynamic strain is sufficient to initiate a stress corrosion crack. The final stage is crack propagation, where the growth rate is controlled by the material microstructure and composition along the crack path, the applied stress intensity and the solution environment. At that stage, the crack can follow either a transgranular or intergranular path. However, as shown by the Venn diagram in [Figure 1](#fig1){ref-type="fig"}, the complexity of these many contributions makes it difficult to ensure SCC will not be encountered in plant components subject to long-term operation, because of the challenges of potentially changing material properties, environment and service load.

Thermal degradation of stainless steels over extended periods of operation can lead to precipitation of chromium carbides at grain boundaries. The formation of these precipitates causes an adjacent region at the grain boundary precipitates to be locally depleted of chromium \[[@bib55]\]. As chromium is the primary passivating element in stainless steels, once the boundary regions are sufficently below a chromium threshold (commonly \~12% for a stainless steel \[[@bib73]\]) depassivation occurs, and these sites are susceptible to enhanced anodic dissolution. (For 20Cr--25Ni--Nb stainless steel advanced gas-cooled reactor (AGR) fuel cladding such regions have typical widths of 5--15 nm produced through the radiation-induced segregation (RIS) mechanism; typical depleted zone widths from thermal sensitisation mechanism are wider, \>30 nm \[[@bib128]\]). This process is known as thermal sensitisation and, in the presence of a corrosive environment, leads to intergranular corrosion (IGC). Typically, sensitisation occurs at heat-affected zones of welds in high-carbon-content stainless steels, those not stabilised by niobium or titanium, or following poor post-weld heat treatment. In the presence of stresses, SCC can propagate along sensitised grain boundaries, *i.e.* intergranular stress corrosion cracking (IGSCC). Similarly, extended exposure to a combination of neutron irradiation and high temperature which, through a point defect diffusion mechanism (RIS) \[[@bib23]; [@bib128]; [@bib179], [@bib34]\]), can lead to local chromium depletion at grain boundaries. [Figure 3](#fig3){ref-type="fig"} shows line composition profiles taken across a sensitised grain boundary of an ex-service 20Cr--25Ni--Nb AGR fuel cladding specimen, highlighting the extent of chromium and iron depletion and enrichment of nickel and silicon through the RIS process. The locally-depleted chromium at the grain boundary again provides a susceptible material to IGC and, in the presence of stresses, can lead to irradiation-assisted stress corrosion cracking (IASCC).Figure 3Line profiles across a grain boundary of 20Cr--25Ni--Nb AGR reactor fuel cladding from an RIS-affected lower fuel element (stringer B4286). Zero is the position of the grain boundary and the irradiation temperature is given in the inset. From [@bib179].[2](#fn2){ref-type="fn"}Figure 3

It is recognised that, in service, EAC initiates from several surface features, including pits, de-alloyed layers, inclusions and precipitates, physical defects, such as laps, and slip bands. These control early stages of formation but, in addition, the rates of growth of subsequent cracks are complex, so it is important to understand the mechanisms that control at the nanometre-to-micrometre length-scale. In this context, the factors of local chemistry and electrochemistry, near-surface microstructure, local mechanical properties and both short- and long-range residual stresses are important. Moreover, as pointed out by [@bib169], crack size effects are very significant in low-conductivity solutions because of the differences in potential drop associated with these small or short cracks compared with long macro-cracks. Indeed, this is a key feature of the work of [@bib170].

For civil nuclear electrical power generation in the UK, the structural integrity of key components has been recognised to be an essential consideration for both safety reasons and economic operation. In addition to extending the operating life of the fleet of AGRs to about forty years, both new-build plant and designs for future, fourth generation (Gen IV) fission reactors will be required to operate for periods of sixty years or more. Existing materials and methodologies face challenges to achieve this ambition. An essential input for demonstrating the necessary assurance is structural integrity assessment \[[@bib53]\]. SCC and corrosion-fatigue, in both BWR and PWR plants has resulted in coolant leakage rather than catastrophic failure \[[@bib166]\]. In many cases, in-service inspection has identified such cracking, and examples are shown in [Table 1](#tbl1){ref-type="table"} \[[@bib54]\].Table 1Examples of typical materials and associated components identified to be subjected to EAC \[[@bib54]\].Table 1MaterialAlloyApplicationFerritic steelsLow-alloy steels, such as A533B and A508-IIIMain pressure vesselsCarbon steelsPWR steam generator tubesheets, piping in some BWRs and various other piping applications, and high-strength quench and tempered steels used for bolting applicationsStainless steelsAustenitic (300 series)Use as AGR fuel cladding material, widely used in both BWRs and PWRs for piping, pump and valve bodies, and a variety of other applicationsMartensitic stainless steelsEmployed where higher strengths are required, such as in valve stems and fastener applicationsPrecipitation-hardened alloys, such as A-286 and 17-4PHHigh-strength applicationsNickel base alloys (NBA)The weld metal alloys 182, 82 and, in Japan, 132, Alloy 690 and weld metal alloys 52, 152 and variants are being widely used for replacement and new-build due to the relatively poor service experience of Alloy 600Steam generator tubing, control rod drive penetrations, bottom head penetrations, steam divider platesAlloy 690Used as replacement for alloy 600 and in new buildAlloy 52, 82, 132 (Japan), 152, 182NBA weld metalsPrecipitation-hardened alloys such as X-750 and 718High strength requirements, such as internal bolting, fasteners and springs

There is clearly a requirement to develop mechanistically-based models to predict the service lives of components with improved confidence. To achieve the required periods of operation such models invoke parameters which can be provided only by characterisation of processes occurring *in situ* over a range of length-scales, with the sub-micrometre-scale being particularly important, but also challenging \[[@bib148]\]. This appraisal seeks to review the techniques currently available at the nanometre-to-micrometre length-scale and that can be assembled into appropriate toolboxes to facilitate establishing mechanisms leading to the early stages of EAC formation and subsequent growth. In Section [2](#sec2){ref-type="sec"}, we summarise the local mechanisms that have been invoked to describe crack extension. In Section [3](#sec3){ref-type="sec"}, we consider the various experimental methods available to undertake key measurements at the nano-to micro-scale to enable understanding of the controlling mechanisms. These are further explored in Section [4](#sec4){ref-type="sec"} and considered in the context of opportunities for application or development.

2. Local mechanisms {#sec2}
===================

The local mechanisms described within this section are a result of the interaction of corrosion, material properties and stress that produce failure by EAC. There are three main parameters that influence the susceptibility of a system to EAC, or specifically, SCC ([Figure 1](#fig1){ref-type="fig"}). However, within each of these are a large range of variables that make the interactions complex and, indeed, prediction of susceptibility difficult. Examples of the range of potential variables are summarised in [Table 2](#tbl2){ref-type="table"}. It is important to address these contributions if a complete understanding of the underlying mechanisms that control the initiation and growth of cracks in aqueous environments is to be established. This is clearly a complex issue, but essential as an input to establishing simplified, predictive models that are required to provide high confidence in evaluating the service life of nuclear plant components.Table 2Parameters known to influence SCC, categorised into three main areas.Table 2Environment\
*It should be noted that the crack tip environment can differ significantly from the bulk solution*TemperaturePressureSolute speciesSolute concentration and activitypHElectrode potentialSolution viscosityStirring or mixingRadiationStressPrimary loading (applied stress)Secondary loading (residual stress)Stress intensity factorMode of loading at the crack tip (*e.g.* tension or torsion)Plane stress or plane strain conditionsLength, width, aspect ratio of the crackCrack opening and crack tip closureMicrostructure propertiesMechanical properties (yield stress, ultimate tensile strength, fracture toughness)Second phases present in the matrix and at the grain boundariesComposition of phasesGrain sizeSurface finishIrradiation effects (e.g. grain boundary segregation, radiation swelling, radiation hardening, creep relaxation)

An additional EAC process, IASCC, is of relevance to reactor core component materials during reactor operation, which is a demanding environment, as materials are subject to not only high temperatures and pressures, but also to extreme radiation fields \[[@bib176]; [@bib23]\]. The general processes are the same as with SCC, although the effect of irradiation can cause a change to the microstructure, which must be taken into consideration, as this can assist the SCC process. As mentioned prior, irradiation can lead to segregation along grain boundaries (RIS), but can also lead to radiation hardening, helium/ hydrogen embrittlement, swelling, and creep relaxation \[[@bib176]\]. This radiation damage has a significant effect on both the material microchemistry and microstructure. The environment itself is also affected by radiation (radiolysis of water), which causes the formation of molecular and ionic products of water, including the formation of free radicals, which can react with stable species. Such reactions occur within the order of micro-seconds; with the most stable molecular products being O~2~, H~2~, and H~2~O~2~. It is the presence of oxidising species such as O~2~ and H~2~O~2~ (which serve to raise the electrode potential), combined with the radiation-induced changes to the microstructure that can significantly enhance SCC. The IASCC phenomenon has been observed in both boiling water reactors (BWR) and pressurised water reactors (PWR), and indeed all types of water-cooled reactors. Formation of oxidising species (which can be formed through radiolysis of water) can be effectively supressed by an H~2~ overpressure in the coolant water (\>500 ppb \[H~2~\]) which leads to a reducing environment \[[@bib176]\]. Due to the nature of BWRs, whereby the coolant partitions from the liquid to the gaseous phase, BWRs cannot achieve the same additions of H~2~ in-core compared to PWRs, therefore the effects of radiolysis are greater relevance to BWRs \[[@bib147]\]. More detailed information on the IASCC mechanism can be obtained in \[[@bib8]; [@bib198]; [@bib176]; [@bib177]; [@bib147]\].

There are numerous local mechanisms that have been developed over the years to describe SCC, and the main ones are considered within this document. These are: hydrogen embrittlement; adsorption-induced cleavage; surface mobility; film rupture; film-induced cleavage; and localised surface plasticity. Associated with these mechanisms is the formation of a crack, or a multiple-crack system, which can be categorised into pre-initiation, initiation and crack growth stages. Pre-initiation arises from, in general, local time-dependant modificaitons to the surface condition, such as oxide film formation, initiation includes pitting and intergranular attack, and growth includes both short cracks and the transition to long cracks, as shown in [Figure 2](#fig2){ref-type="fig"}(iii). It is important that any mechanism explains crack propagation rate, fractographic evidence, crack path and the means of formation or initiation of cracks. The mechanisms usually assume that interatomic bonds at the crack tip break by either chemical solvation and dissolution or mechanical fracture (ductile or brittle). Mechanical fracture includes processes that are assumed to be either stimulated or induced by one of the following interactions between the material and the environment: adsorption of environmental species; surface reactions; reactions in the metal ahead of the crack tip; or formation of surface films. All of the proposed mechanical fracture mechanisms contain one or more of these processes as an essential step in the SCC process. Specific mechanisms differ in the processes assumed to be responsible for crack propagation and the way that environmental reactions combine to result in fracture \[[@bib75]\].

As discussed by [@bib106], at the atomic level, there are four underlying mechanisms for SCC crack growth:•Dissolution of atoms at the crack tip into solution•Shear forces acting upon atoms at crack tips•Decohesion of atoms at crack tips (tensile separation of atoms)•Diffusion of atoms on the surface of crack tips to behind the crack tip

Whilst [Figure 2](#fig2){ref-type="fig"} identifies the typical stages of SCC, [Figure 4](#fig4){ref-type="fig"} illustrates the processes which occur at the crack tip. These mechanisms are summarised in [Figure 4](#fig4){ref-type="fig"} and described below.Figure 4Schematic of crack tip processes that may occur during environmentally-assisted crack propagation Adapted from [@bib175].[3](#fn3){ref-type="fn"}Figure 4

[Figure 4](#fig4){ref-type="fig"}(a) shows the hydrogen embrittlement mechanism. Hydrogen dissolves in all metals to a moderate extent as the hydrogen atom is very small (\~106 pm) and fits in the interstitial positions in the atomic lattice of crystals. Moreover, since it is a small atom and is readily absorbed it can diffuse much more rapidly than larger atoms \[[@bib79]; [@bib82]\]. Hydrogen tends to be attracted to regions of high-triaxial tensile stress, where the metal structure is dilated, and, hence, is attracted to regions ahead of cracks or notches that are under stress \[[@bib139]\]. The dissolved hydrogen leads to embrittlement of the metal, and cracking may be promoted by either intergranular or transgranular processes. Crack growth rates are relatively rapid, up to 1 mm s^−1^ in the most extreme cases. The main parameters to consider for hydrogen embrittlement are related to material properties in terms of the size and relative position of secondary phase precipitates, grain geometry and grain boundaries. The availability of hydrogen at the crack tip is a fundamental parameter for this mechanism, and may be affected by material pre-treatment (hydrogen charging or discharging), local chemistry and electrochemistry \[[@bib25]\]. As with most mechanisms, it is necessary to measure mechanical properties at the nano-scale, for example by evaluating K~I~ and K~scc~ values.

The adsorption-induced cleavage model ([Figure 4](#fig4){ref-type="fig"}(b)) is based on the concept that adsorption of environmental species lowers the interatomic bond strength and stress required to propagate a cleavage crack \[[@bib104], [@bib105]; [@bib106]\]. This model can satisfactorily explain the susceptibility of some alloys for cleavage crack propagation when the alloying elements are bonded to certain ions. One of the important factors in support of this mechanism is the existence of critical electrode potentials below which SCC does not occur. This model of cracking underlines the relationship between the value for the potential and the capacity of adsorption of the aggressive ion. This approach provides an explanation for the prevention of SCC by cathodic protection.

The surface-mobility mechanism ([Figure 4](#fig4){ref-type="fig"}(c)) for SCC assumes that stress concentration at the tip of a crack generates a very localised vacancy-deficient region. The capture of vacancies by the tip of the crack leads to propagation. The systems studied so far indicate that surface contaminants act by increasing surface mobility and by supplying the vacancies required by the SCC process \[[@bib58]\]. The postulates for this mechanism are: (i) the environment affects the metal by changing surface self-diffusivity; (ii) the temperature at which SCC takes place is lower than 0.5 T~m~; (iii) only elastic stresses are relevant in the SCC process; and (iv) SCC occurs by capture of vacancies by the tip of the crack. If the temperature is known, crack growth rates can be predicted. Very slow crack propagation rates, *e.g.* 1 x 10^−12^ m s^−1^, or even lower, are relevant to the nuclear industry, which typically has long project time-scales, such as in steam generators, pressure vessels and waste repositories. [@bib58] states that these particularly-low crack growth rates were very difficult to measure with the techniques available at the time that the model was proposed, some twenty years ago.

The film rupture model ([Figure 4](#fig4){ref-type="fig"}(d)) considers that crack growth occurs by extremely-localised anodic dissolution. The sides of the crack are protected by a film, usually an oxide, which is fractured as a result of plastic strain in the metal at the crack tip \[[@bib9]\]. Crack growth develops by the cyclic process of film rupture, dissolution and repair. In general, there is good correlation between the average oxidation current density on a straining surface and the crack propagation rate for a number of systems. It has been argued by [@bib153] that pre-existing active path mechanisms cannot work unless corrosion is directional, *e.g.* along a grain boundary \[[@bib103]\]. Hence, within this mechanism cracking is intergranular. Other parameters, such as visualisation of surface topography, pitting, surface dissolution and formation of a passive film, can be measured directly, for example by electrochemical scanning tunnelling microscopy (EC-STM) \[[@bib149]\]. Also, an indication of galvanic activity and corrosion can be obtained by measuring local gradients in potential and chemical current flow using, for example, the direct scanning vibrating electrode technique (SVET) \[[@bib34]; [@bib87]; [@bib186]\].

The film-induced cleavage model ([Figure 4](#fig4){ref-type="fig"}(e)) gives an alternative mechanistic understanding when pre-existing active paths are apparently non-existent or inoperative \[[@bib103]\]. If a normally-ductile material is coated with a brittle film, then a crack initiated in that film can propagate in the ductile material for a small distance (\~1 μm) before being arrested by ductile blunting. If the brittle film has been formed by a corrosion process then it can reform on the blunted crack tip and the process can be repeated. This film-induced cleavage process would normally be expected to give transgranular fracture \[[@bib39]\]. The active path along which the crack propagates is cyclically-generated as alternately disruptive strain and film build-up, or the propagation is related to the slip characteristics of the underlying metal. This strain-generated active path mechanism would be expected to result in transgranular stress corrosion cracking (TGSCC). Support to these theories is given by observations that the crack propagation rates for many systems are in direct proportion to the experimentally-determined dissolution rates under the mechanical and chemical conditions expected at the crack tip. This assumes that the potential at the tip of the tight crack is the same as at the specimen surface \[[@bib103]\]. The important parameters to be measured for this mechanism are: (i) surface topography; (ii) pitting; (iii) surface dissolution; and (iv) formation of passive films.

The localised surface plasticity mechanism ([Figure 4](#fig4){ref-type="fig"}(f)) proposes that SCC results from the effect of the local microstructure ahead of the crack tip. This mechanism assumes that galvanic corrosion occurs between active sites and surrounding passive surfaces. Repassivation of the active sites is prevented by the presence of a weakened surface passive film at these locations, possibly due to the local electrochemical conditions remaining below the critical passivation potential. The locally-high anodic current densities arising from the galvanic couple cause the formation of a defect structure, which becomes a rupture site. The softened structure of the rupture sites plastically deforms in the microscopic volume ahead of the crack, and this is enhanced by the presence of surrounding passive material with higher strength. A weakened and constrained crack tip volume creates a triaxial stress state that results in the propagation of brittle cracks \[[@bib134]\].

There are various reviews which address the underlying mechanisms of EAC in greater detail, such as those by [@bib106], [@bib107]. For further information relating to nickel base alloys specifically, the reader is directed to the recent monograph by [@bib146].

Certainly, there is a need to develop a toolbox of measurement techniques across the nanometre-to-micrometre length-scale, to allow the appropriate environment, electrochemical, material, microstructural and stress measurements to be made that would develop understanding of the mechanisms that lead to initiation and growth of environmentally-assisted cracks in austenitic and ferritic steels, and nickel-based alloy components. In Section [3](#sec3){ref-type="sec"}, we explore the considerable progress that has been made in advanced characterisation techniques that could enable the required parameters to be quantitatively measured.

3. Nano-to micro-scale techniques and applications {#sec3}
==================================================

3.1. Introduction {#sec3.1}
-----------------

As described in Section [2](#sec2){ref-type="sec"}, the formation of macroscopic, environmentally-assisted growing cracks can be divided into several stages, with each requiring measurement of key parameters of the type summarised in [Figure 3](#fig3){ref-type="fig"} and [Table 3](#tbl3){ref-type="table"}. There have been significant advances in techniques that have the potential to make such measurements of environment, stress and microstructure across the atomic-to-millimetre length-scale (*i.e.* pre-initiation to long crack scale). These are now considered and, for this, we divide the techniques into direct and indirect. We define direct as those techniques where all three parameters act conjointly, and progress of the failure mechanism can be monitored continuously. In comparison, the indirect methods provide a measure of contributions from individual parameters and intermittent evaluation by removal from the test environment. An overview of all techniques discussed within this document is given in [Table 3](#tbl3){ref-type="table"} (direct/indirect; parameter measured; scale resolution; constraints). This table can be used to understand how various techniques may be used to elucidate understanding of EAC crack processes across the length-scales (nm; μm; mm).Table 3Summary of parameters measured, and indicative length- and time-scales, for each group of techniques.[4](#fn4){ref-type="fn"}Table 3TechniqueAbreviationParameter measuredDirect?Scale dimensionData acquisition time resolutionConstraints***Surface***Optical microscopyImaging, displacement, event timing and locationY10^−6^ m *in situ*10^−3^ sScanning and transmission electron microscopySEM, TEMImaging, displacement, chemical distribution, textureN10^−9^ m (SEM)\
10^−11^ m (TEM)10^2^--10^4^ sHigh vacuum (HV), \<10^−4^ Pa (SEM)\
Ultra high vacuum (UHV), 10^−7^ - 10^−9^ PaEnvironmental scanning and transmission electron microscopyESEM, ETEMImaging, chemical distribution, texture, residual stressY10^−9^ m10^2^--10^4^ sResolution reduced by environmental conditions; water opaque to electrons.Focused ion beam sectioning/ imagingFIBImaging, textureN10^−9^ m10^2^--10^4^ sHV, \<10^−4^ PaScanning probe microscopy/ atomic force microscopySPM, AFMTopographyN10^−9^ m10^3^--10^4^ sSurface preparationHigh speed atomic force microscopyHS-AFMTopography, micro-stiffness, electrical/thermal conductivityY10^−9^ nm (XY resolution)\
±15 x10^−12^ m (Z resolution)10^−3^ -- 10^−1^ sSurface preparationElectrochemical scanning tunnelling microscopyESTMTopography, local electrochemistryY10^−10^ m10^3^--10^4^ sOptical spectroscopyElemental and chemical structureY (some)10^−9^ m10^2^--10^4^ sSome techniques are HV; some require idealised surfacesSecondary ion mass spectrometry (including NanoSIMS)SIMS, NanoSIMSElemental mapping (including isotopic)N10^−6^ m (SIMS)\
10^−8^ m (NanoSIMS)10^5^ sHV, 10^−4^ Pa (SIMS)\
UHV, \<10^−5^ Pa (NanoSIMS)***Volume***X-ray tomographyXCTInternal structure, development, densityY10^−7^ m10^2^--10^4^ sHigh-resolution, small-scale focused ion beam tomographyInternal structure, texture, residual stress, chemical mappingN10^−9^ m10^4^--10^5^ sElectron tomographyStructure, texture, residual stress, chemical mappingN10^−10^ m10^4^--10^5^ sAtom probe tomographyAPTElemental distributionN10^−11^ m10^5^--10^6^ sVery small sub-sampling, UHV, \~10^−8^ Pa***Reaction sensing***Macro-scale electrochemistryGlobal electrochemical current and potentialY10^−5^ -10^0^ m10^−4^ - 10^−1^ sScanning vibrating electrode techniqueSVETLocalised cathodic and anodic reaction mappingY10^−4^ m10^3^ sScanning Kelvin probeSKPMetallic work functions, Volta potentialN10^−6^ m10^3^ sLimited lateral resolutionScanning Kelvin probe force microscopySKPFMMetallic work functions, Volta potentialN10^−9^ m10^3^--10^4^ sElectrochemical micro-capillaryPhase electrochemistry, micro-galvanic couplingY10^−5^ - 10^−3^ m10^−2^ - 10^3^ sElectrochemical noiseENLocalised reaction transientsY10^−4^ - 10^−1^ m10^−3^ - 10^5^ sScanning electrochemical microscopySECMLocalised cathodic and anodic reaction mappingY10^−9^ m10^−2^ sAcoustic emissionAEEnergetic rupture event timingY10^−3^ - 10^−1^ m10^−3^ - 10^5^ sBeamline spectroscopy and diffractionStructure, composition, imagingY10^−11^ - 10^−1^ m10^−6^ - 10^4^ sSmall-scale tensileMechanical properties, event timing and progressionY10^−3^ - 10^−1^ m10^3^ sSmall disc/small punchMechanical properties, event timing and progressionY10^−4^ -10^−2^ m10^3^--10^5^ sMicro-scale mechanicalMechanical properties, event timing and locationY10^−6^ - 10^−5^ m10^0^--10^5^ s

[Figure 5](#fig5){ref-type="fig"} shows a selection of the techniques listed in this paper as indirect ([Figure 5](#fig5){ref-type="fig"}a) and direct methods ([Figure 5](#fig5){ref-type="fig"}b), and the corresponding time and length resolution for each. Within indirect techniques, atom probe tomography (APT) and transmission electron microscopy (TEM) allow evaluation of the smallest features, while (*ex situ*) tomography and scanning electron microscopy (SEM) allow larger features to be observed. Nanoscale secondary ion mass spectrometry (NanoSIMS) offers high spatial resolution (\<100 nm) chemical composition with high sensitivity (ppm). Micro-mechanical techniques allow the study of features somewhere inbetween the large and small. Some direct techniques can also measure to the small length-scale that is offered by indirect methods, such as environmental TEM (ETEM). High-speed atomic force microscopy (HS-AFM) allows small features to be measured directly, whilst electrochemical and optical techniques allow only the largest features to be evaluated. [Figure 6](#fig6){ref-type="fig"} shows the applicability of these techniques to provide detail on the different EAC processes. As summarised in [Figure 7](#fig7){ref-type="fig"}, only using a combination of multiple techniques across multiple length-scales allows pre-initiation, initiation, short crack and long crack EAC to be evaluated. Serial sectioning and XCT are capable of providing information on short cracks, HS-AFM/micro-mechanical approaches yield information on initiation and pre-initiation, and ETEM gives pre-initiation information.Figure 5Schematic overview of selected techniques[5](#fn5){ref-type="fn"} relevant to the study of SCC: (a) indirect; (b) direct.Figure 5Figure 6Representation of EAC/SCC stages according to approximate length- and time-scales.Figure 6Figure 7Opportunities where selected techniques[6](#fn6){ref-type="fn"} could be applied in micro-scale testing of EAC/SCC.Figure 7

3.2. Surface methods {#sec3.2}
--------------------

Methods that can be applied to free surfaces may be applied in general to specimens in one of two forms: (i) the surface, subject to an environment and stress, to provide a correlation between local microstructure (location) and electrochemical activity leading to crack initiation; and (ii) a section normal to a surface, to give sub-surface detail about initiation, short crack formation and crack growth in relation to microstructure and local corrosion within a nucleating site, such as a pit or crack.

### 3.2.1. Optical microscopy {#sec3.2.1}

Optical techniques can give visual information about changes on the surface of a material during EAC tests to provide a multifaceted perspective of the process. This microscopy can be conducted either *in situ*, or *ex situ* following EAC. Thus, the technique can be classed as being capable of both direct and indirect measurement. Ultimately, the length resolution of optical microscopy is constrained by the wavelength of light to be \~0.3 μm. Furthermore, optical techniques can have issues with depth-of-field, which decreases at higher magnifications. Some of the limits, *e.g.* depth-of-field, can be overcome by using confocal techniques. Confocal microscopes use a focused laser to raster scan the surface, with the laser spot size tailored to meet the required resolution, and, therefore, can acheive increased resolution and depth-of-field \[[@bib1]; [@bib188]\].

For *in situ* time-lapse microscopy measurement, either a liquid flow cell \[[@bib160]\] or a simple waterproof shroud can be used \[[@bib159]\]. These allow microstructural corrosion mechanisms to be observed within the corrosive liquid environment. For *ex situ* observation, following optical visualisation of a system undergoing a specific test, the captured images can be analysed using digital image correlation (DIC) \[[@bib85]\] to track changes in physical features, such as surface defects. [@bib158] used a windowed autoclave and DIC to track sub-micrometre displacements (and, hence, strain), allowing IGSCC propagation to be monitored in a hot water environment as a result of crack opening displacement ([Figure 8](#fig8){ref-type="fig"}).Figure 8*In situ* observation of sensitised 304 stainless steel in a windowed autoclave, exposed to high-temperature, high-purity, oxygenated water (250 °C; 1 ppm O~2~; 50 atm). The colour overlay relates to the level of strain obtained by digital image corellation, from the crack opening displacement, with high-strain represented by red, and low strain dark blue. From [@bib158].[7](#fn7){ref-type="fn"}Figure 8

[@bib162] showed that, if a pattern is present on the specimen, DIC can be conducted on SEM images. Successful DIC for such images is caveated by the fact that distortion and instability can cause small shifts in image position due to the beam raster scan. These shifts are more pronounced at higher magnifications (\>5000x), and start to introduce error in regard to local strain measurement. The displacement in pixels within the horizontal and vertical directions for gold coated on aluminium (which created a random speckle pattern) and subsequently imaged within an SEM at 5000x magnification is shown in [Figure 9](#fig9){ref-type="fig"}. Here a 0.1 pixel step change in the vertical direction at 5000x was equivalent to a 5 nm displacement. The use of confocal techniques can help alleviate depth-of-field and resolution issues. Imaging throughout the micrometre range can be achieved with this technique and high-density, charge-coupled device cameras allow multiple frames-per-second capture rates. There are practical considerations affecting the use of such high-magnification apparatus in conjunction with a liquid cell and loaded specimen that must first be considered. [@bib91] used confocal microscopy ([Figure 10](#fig10){ref-type="fig"}), in conjunction with a novel minicell, to study *in situ* corrosion initiation on a duplex stainless steel under galvanodynamic control. Use of the confocal technique allowed details, such as the corrosion product, to be resolved in the z-direction.Figure 9Displacement fields at 5000x for gold coated on aluminium using a FEI Quanta-200 SEM: (a) horizontal; (b) vertical. The scale bar shows the change in displacement in pixels. From [@bib162].[8](#fn8){ref-type="fn"}Figure 9Figure 10Duplex stainless steel under galvanodynamic control studied *in situ*, using confocal imaging. The x, y, z axes represent length in units of micrometres. From [@bib91].[9](#fn9){ref-type="fn"}Figure 10

Optical microscopy can help evaluation of EAC *in situ*. However, the technique is limited by its resolution, and the depth-of-field at high magnifications. Depth-of-field is particularly important if the material and the crack are to be in focus when stressed at magnifications which can give meaningful information.

### 3.2.2. Electron microscopy {#sec3.2.2}

#### 3.2.2.1. Ex situ electron microscopy {#sec3.2.2.1}

SEM is ubiquitously employed for nano-scale resolution imaging in almost every area of materials science, not least corrosion studies ([@bib21]; [@bib80]; [@bib85]\]. Imaging is typically undertaken post-exposure to observe final surface features, such as failed grain boundaries, as well as prior to corrosion, so that the surface may be characterised by this indirect measurement. These scanning instruments are usually fitted with a range of detectors so that, for example, chemical information can be obtained from energy dispersive X-ray spectroscopy (EDS) and quantitative crystallographic data *via* electron backscatter diffraction (EBSD) instrumentation. A considerable amount of information about a surface can be obtained: grain orientation distribution; grain boundary misorientation; surface texture (the average preferred orientation); grain boundary and phase distribution; residual strain variations; and state of strain within the material.

EBSD can identify plastic zones and determine residual plastic strain in a specimen \[[@bib67]; [@bib80]; [@bib109]\]. This information is valuable when analysing SCC crack initiation \[[@bib130]\]. Although SEM analysis is straightforward for electrically-conductive specimens, materials which oxidise can prove challenging to image due to charge accumulation, with the same issue applying to corrosion products. For non-conductive specimens, sputter-coating can be undertaken with a conductive metal, such as gold. Alternatively, the charging problem can be overcome with the use of variable pressure modes, as found in environmental SEMs (ESEMs), whereby both vacuum and gas are used in the chamber (see Section [3.2.2.2](#sec3.2.2.2){ref-type="sec"}). [Figure 11](#fig11){ref-type="fig"} shows work by [@bib80] on the IGSCC of a susceptible specimen, sensitised stainless steel. SEM was utilised for post-exposure characterisation of the fracture surface, alongside *in situ* XCT and more advanced X-ray diffraction contrast tomography (DCT) to identify the types of grain boundaries resistant to IGSCC.Figure 11(a, b) SEM of the fracture surface following the experiment, showing what is likely ductile failure of the twinned regions; (c) X-ray computed tomography combined with diffraction computed tomography (DCT), the white regions show the crack paths obtained from computed tomography (CT), as compared to the DCT data showing the grain shapes (coloured); (d) *In situ* CT of a stainless steel wire undergoing EAC, the red areas denote the crack path.[10](#fn10){ref-type="fn"}Figure 11

TEM is capable of nano-scale crystallographic characterisation of materials \[[@bib174]\] and, as such, can be used to provide insight into SCC \[[@bib66]\], including the *in situ* reaction of a specimen exposed to an electric field, mechanical stress or annealing \[[@bib174]\]. Specimen preparation is substantially more time consuming than SEM as very thin sections must be produced, often by focused ion beam (FIB) milling or electropolishing. As with SEM, TEM is an indirect measurement, given that imaging and analysis is conducted *ex situ*. From [@bib56].

EBSD has been employed with thin-section TEM specimens to study SCC crack tips in two type 316 stainless steels \[[@bib117]\]. One exposed to hydrogenated PWR operating conditions (316INSS) and the other to oxygenated PWR shutdown chemistry conditions (316AREVA), both under constant load within an autoclave, and exhibiting SCC. Specimens were removed from the autoclave, cross-sectioned, ground, polished, crack tips located, crack tip removed using FIB, mounted onto TEM grids, thinned to the required transparency and, finally, plasma cleaned. In the example of [Figure 12](#fig12){ref-type="fig"}, the results indicated that for the specimen in oxygenated conditions (316AREVA) shear strain may have been involved in the opening of the crack. The average misorientation (MO) maps provided evidence of this claim. In image [Figure 12](#fig12){ref-type="fig"}(c), the lower grain had a higher average MO compared to the upper grain, which would cause a shear stain between the two boundaries. In the example shown in [Figure 12](#fig12){ref-type="fig"}(f) (hydrogenated conditions), the average MO is constrained to areas where defects were present, such as the slip bands. The main constraint on conventional electron microscopy is that it does not allow for *in situ* characterisation under the high-vacuum conditions normally employed.Figure 12Transmission EBSD (t-EBSD)/ transmission Kikuchi diffraction (TKD) maps of stainless steels exposed to PWR chemistry conditions: 316AREVA (a) to (c) relates to hydrogenated conditions and 316INSS (d) to (f) to shutdown (oxygenated) PWR conditions. Different crystal orientations are shown at the top of the figure (inverse pole figure, z-direction), relating false colour maps (a) and (d). In (b) and (e), the differences in contrast relate to differences in crystal orientation or crystallographic defects. (c) and (f) show the average misorientation (MO) with respect to surrounding pixels; dark blue represents low MO, and green, yellow and finally red represent successively higher average MO. From [@bib117].[11](#fn11){ref-type="fn"}Figure 12

It should be recognised that these techniques adopt specimens that are unloaded, and therefore there is potential for crack closure. In addition, thin TEM foils used for evaluating cracks will have relaxed any residual stresses/strains.

#### 3.2.2.2. In situ environmental electron microscopy {#sec3.2.2.2}

ESEM allows imaging with a nominal gas pressure within the instrument chamber \[[@bib118]; [@bib123]; [@bib122]; [@bib126]\], including water vapour, which may be controlled and increased to saturation. [Figure 13](#fig13){ref-type="fig"} shows a schematic of an ESEM\'s gaseous parallel plate capacitor arrangement. By earthing the specimen, bringing the scanning electron beam through an aperture in the top plate and imposing a positive potential bias, the gas acts as a dielectric. This causes secondary and backscattered electrons to be attracted to the positively-charged top plate. Subject to the inter-plate separation being smaller than the mean free path of the ejected electrons, these electrons may cause subsequent cascade amplification \[[@bib118]\]. This facilitates characterisation of hydrated specimens, and humidity cycling to allow reactions to occur within a liquid film on the specimen surface under evaluation, although the technique is constrained by the opacity of liquid water to electrons.Figure 13An illustration of how ESEM uses a detector electrode, earthed specimen and positive electrode bias, which together act as a capacitor. The gas between the parallel plates acts as a dielectric. From [@bib118].[12](#fn12){ref-type="fn"}Figure 13

The opacity of liquid water requires humidity cycling for incremental reaction observations \[[@bib33]\]. In the example by [@bib33], deionised water vapour was unsuitable to initiate SCC on (cast) AZ91 magnesium alloy, so salt particulates were introduced onto the specimen surface prior to insertion into the ESEM chamber. As the humidity inside the chamber increased, the salt deliquesced, forming aqueous brine and providing an environment sufficiently aggressive for SCC to initiate, as shown in [Figure 14](#fig14){ref-type="fig"}. The humidity was cycled, with 1 h of wetting time (6.5 Torr) and 10 min of drying time (2.1 Torr). ESEM provides a direct measurement as it has similar fast imaging to SEM, but experiments can be conducted *in situ*.Figure 14Observation of SCC propagation in AZ91 cast magnesium alloy exposed to a salt solution using backscattered electrons within an ESEM: (a) 0 humidity cycles; (b) 3 cycles; (c) 6 cycles; (d) higher magnification image of (c). From [@bib33].[13](#fn13){ref-type="fn"}Figure 14

A high-voltage ETEM (1 MeV) with an environmental cell was used by [@bib163] for imaging atomic arrangements during oxidation of a metal surface exposed to oxygen and the fracture of multicomponent specimens under hydrogen. Typically, medium acceleration voltages are up to \~400 keV for conventional systems \[[@bib56]\]. Often what is required is techniques (such as TEM) to characterise specific regions susceptible to EAC (grain boundaries, precepitates, regions ahead of crack tips); FIB allows such site specific regions to be prepared. However it is also important to characterise representative areas hence a general issue which applies to TEM, as with most very-small-scale characterisation techniques, is if the specimens are representative of the bulk material microstructure and reaction kinetics. One approach adopted to explore these limitations is to sample a large number of individual sites to provide statistically-representative data. Since the number of specimens has to be large, this comes at a significant cost in terms of machine time and specimen preparation, so is not always achieved. However, the aim of a particular technique is often to locate a specific feature of interest (such as a crack tip) and characterise the local conditions. However, even for such a selection it is possible to overlook variations or, conversely, attribute significance to spurious features.

SEM typically provides maximum resolution in the region of tens of nanometres. Imaging times are relatively fast, with even high-quality images requiring less than a minute. TEM can provide images with atomic resolution, but has a somewhat slower imaging acquisition rate. Specimen preparation for TEM is very time-consuming. One attractive aspect of ETEM is that the course of a reaction may be tracked dynamically, compared to the requirement to prepare a sequence of specimens showing different levels of process progression.

In summary, SEM offers high-throughput, high-magnification imaging with relatively straightforward preparation, making it a valuable tool for evaluating EAC. ESEM provides the ability to characterise the specimen *in situ,* providing the possibility to image cracks propagating under SEM-resolution conditions (\~1--20 nm). This is akin to time-lapse microscopy, but at higher magnification and with a far better depth-of-field. Since ETEMs are not commonplace, it is primarily *ex situ* TEM that is adopted to allow high-resolution imaging and analysis of EAC crack tips, post-testing.

### 3.2.3. Focused ion beam techniques {#sec3.2.3}

A FIB workstation is a versatile instrument, can be used to fabricate test specimens (such as micro-cantilevers, as discussed in Section [3.6.3](#sec3.6.3){ref-type="sec"}), and can utilise high-resolution, serial section tomography to provide 3D images (Figures [15](#fig15){ref-type="fig"} and [16](#fig16){ref-type="fig"}) \[[@bib99]\].Figure 15FIB-SEM images of stainless steel (304) exposed to simulated PWR conditions, from [@bib99][14](#fn14){ref-type="fn"}: (a) cross-sectional view of SCC crack (the white box represents the area where tomography was undertaken); (b) sample of the crack tip fabricated through FIB in plan-view; (c) plan view of the crack sample prior to thinning for TEM showing grains, grain boundaries and oxidised grain boundaries.Figure 15Figure 16Example of 3D-FIB serial sectioning undertaken on nickel base Alloy 600, exposed to PWR conditions, from [@bib99][15](#fn15){ref-type="fn"}: (a) SEM image of the crack, together with a 3D reconstruction model; (b) 3D-FIB model; dark blue represents the open crack while light blue represents oxidised grain boundaries.Figure 16

In general, systems use gallium ions to mill specimens and provide images of surfaces. In current generation dualbeam instruments, the ion beam capability is paired with electron imaging, allowing complementary use of techniques. This can be extended by incorporation of EDS to provide elemental characterisation. SCC cracks can be sectioned at specific locations on the specimen surface, without disturbing either the rest of the crack or any adjacent cracks that may be present \[[@bib173]\]. Typically, for ion milling a beam current of \~90 nA can be used to form a trench with accuracy down to tens of nanometres \[[@bib173]\]. By tilting the specimen with respect to the incident ion beam, the trench can be imaged to allow for crack depth measurements and observation of the crack profile. High-resolution tomography involves iterative sectioning combined with image reconstruction to characterise specific nano length-scale features (Section [3.3.2.1](#sec3.3.2.1){ref-type="sec"}).

Using a combination of these approaches, it is possible to identify dominant cracking modes (IGSCC or TGSCC), obtain information on the morphology of crack tips and map associated microstructural features, the positions of inclusions and corrosion products. Grain boundaries are imaged clearly with FIB from the enhanced grain contrast. FIB has been utilised in a number of SCC investigations to evaluate crack profiles, plastic deformation and crack development in various materials, such as stainless steels and nickel alloys \[[@bib92]; [@bib99]; [@bib173]\]. The resolution of the technique for imaging is generally comparable to high-resolution SEM. Imaging times are rapid, although milling (*e.g.* to undertake FIB tomography) can be time-consuming because the milling response is dependent on the specific material. Another consideration is that high-resolution serial sectioning by FIB is not without error, for example, the milling and spacing is not always uniform, and in some alloys phase transformation can occur. As such, these uncertainties should be considered during image reconstruction.

### 3.2.4. Scanning probe microscopy {#sec3.2.4}

#### 3.2.4.1. Atomic force microscopy {#sec3.2.4.1}

Atomic force microscopy (AFM) is one of a group of techniques known collectively as scanning probe microscopy (SPM) \[[@bib56]; [@bib132]\]. In comparison to other visualisation techniques, AFM has the capability to provide high-resolution topographic images of surfaces and a measure of mechanical properties at nanometre-scales in various gaseous, liquid and vacuum environments \[[@bib94]; [@bib131]; [@bib145]\]. AFM may be undertaken as an *in situ* technique, as shown in the research by [@bib34]. These workers adopted contact mode AFM to study the corroding surface of a thermally-sensitised austenitic stainless steel (20Cr--25Ni--Nb) used as nuclear fuel cladding in the UK\'s AGRs. It was possible to image corrosion processes on the micrometre length-scale using contact mode. The corrosion was highly localised, which the authors referred to as 'intergranular pitting corrosion' since pits formed at distinct grain boundary locations, as can be seen in [Figure 17](#fig17){ref-type="fig"}. Due to the high resolution offered by the technique, it was possible to gain insight to the role that niobium carbide precipitates play in the corrosion process. Here, a niobium carbide precipitate is largely unaffected by corrosion, with the outer matrix and grain boundary areas affected by intergranular pitting corrosion in preference. This *in situ* electrochemical AFM technique does have drawbacks, however, largely due to the time taken for the instrument to collect data. Particular developments of the AFM method are described in the following Sections. Typically, as the conventional technique has a relatively slow imaging time this method achieves best results when used for post-exposure characterisation. Therefore, for the purposes of this appraisal, the undeveloped method is classed as an indirect observation.Figure 17*In situ* electrochemical AFM images of a thermally-sensitised austenitic stainless steel exposed to 1 mol dm^−3^ NaCl (aq): (i) 30 min; (ii) 1 h; (iii) 1 h 30 min, (iv) 2 h, (v) 2 h 30 min, (vi) 4 h. The arrow in (i) shows the location of what is potentially a niobium carbide precipitate. The scale bar shows relative height in nm. From [@bib34].[16](#fn16){ref-type="fn"}Figure 17

Typically, AFM probe tip radii are between 10 - 60 nm; and sharp AFM tips are one factor which is required to provide high-resolution images. However, AFM tips are fragile and mis-shaped tips lead to errors in measurement. The AFM tip may be blunted or damaged during measurement which can lead to artefacts such as blurred images and ghosting \[[@bib49]\]. The fact that AFM is not limited to low-pressure, or vacuum environments offers advantages over other techniques \[[@bib132]\], leading to a multitude of applications in materials, surface and biological sciences. Moreover, it is a versatile and significant tool at the nano length-scale \[[@bib68]; [@bib131]\].

A specific type of *ex situ* SPM which has been utilised in various corrosion studies is the micro-scale scanning Kelvin probe force microscope (SKPFM), which has similarities to macro-scale scanning Kelvin probe (SKP); comparisons between the two have been discussed \[[@bib37]; [@bib142]\]. SKP is discussed further (Section [3.4.1.2](#sec3.4.1.2){ref-type="sec"}). The oscillating AFM tip performs a topography measurement, is subsequently lifted by a user set distance (typically 100 nm) and then rescanned across the same surface. This provides an indirect measurement and cannot be conducted with an electrolyte present. SKPFM measures the Volta potential difference, which is related to the work function of the surface and precipitates interrogated \[[@bib141]\]. The Volta potential difference gives information on the nobility of different metals and/or phases; for instance, [@bib34] used SKPFM to evaluate the thermodynamic susceptibility for niobium carbide inclusions and chromium carbide precipitates formed at grain boundaries to undergo localised corrosion with respect to an austenite stainless steel matrix ([Figure 18](#fig18){ref-type="fig"}). The lighter colours in the AFM maps correspond to peaks, whereas in the SKPFM maps these correspond to areas of lower thermodynamic corrosion susceptibility. Darker colours represent troughs in the AFM maps and areas of less noble in the SKPFM maps (*i.e.* as per convention polarity has been reversed). An AFM topography map ([Figure 18](#fig18){ref-type="fig"}(i)) shows grain boundaries decorated with chromium carbides following a thermal sensitisation process; the corresponding AFM Volta potential map is shown in [Figure 18](#fig18){ref-type="fig"}(ii). [Figure 18](#fig18){ref-type="fig"}(iii, iv) show the same region, but at higher magnification. [Figure 18](#fig18){ref-type="fig"}(v) shows the AFM topography map of a niobium carbide precipitate near a grain boundary for the same alloy but without the thermal senitisation and [Figure 18](#fig18){ref-type="fig"}(vi) presents the corresponding Volta potential map. [@bib34] showed that chromium carbide precipitates which decorated the grain boundaries after a thermal sensitisation treatment were less noble with respect to the austenite matrix. On the other hand, niobium carbide precipitates ([Figure 18](#fig18){ref-type="fig"}(vi) image shown for non-sensitised sample, same alloy) were noble compared to the matrix; intergranular dissolution would be expected to occur in the sensitised alloy, and in regions adjacent to the niobium carbide precipitates. Therefore, this technique informs the user if particular phases are susceptible to corrosion on the basis of thermodynamics.Figure 18AFM topography and SKPFM Volta potential maps of 20Cr--25Ni--Nb austenitic stainless steel. (i) sensitised grain boundary Cr carbide topography map, (ii) corresponding Volta potential map, (iii) magnified topography image of grain boundary Cr carbide, (iv) corresponding Volta potential map, (v) topography map showing Cr and niobium carbide inclusions, (vi) corresponding Volta potential map. Scale bars show relative height for AFM images (i, ii, iii) and Volta potential for SKPFM maps (ii, iv, vi). Volta potential colours are inverted (darker = less noble). From [@bib34].[17](#fn17){ref-type="fn"}Figure 18

Conventional AFM techniques generally have spatial resolutions in the nanometre range, though with relatively small imaging areas (typically \<100 μm^2^) and slow imaging speeds (\<1 Hz). Thus, for SCC AFM is best reserved for post-exposure analysis (topography). Also SKPFM is an indirect technique and provides a measure of Volta potential differences, for example between the matrix, a crack tip and precipitates.

#### 3.2.4.2. High-speed atomic force microscopy {#sec3.2.4.2}

HS-AFM is a recent development which significantly reduces the imaging time compared to conventional AFM, whilst maintaining nanometre lateral resolution and subatomic height resolution. It is uniquely capable of directly imaging nano-scale dynamic processes under aqueous conditions at sub-second temporal resolution (typically 2--10 fps, fastest 1000 fps \[[@bib133]\]) \[[@bib6]; [@bib7]; [@bib50]; [@bib76]; [@bib94]; [@bib132]\]. This has enabled extensive new research in numerous scientific disciplines \[[@bib120]; [@bib137]\] and classifies HS-AFM as a direct technique, distinct from conventional AFM by allowing for corrosion studies. The faster imaging speeds, seconds as opposed to tens of minutes \[[@bib87]\] translate directly into larger scan areas with automated wide area data collection and stitching routines \[[@bib83]; [@bib132]\]. Currently, 250 × 250 μm square areas are stitched routinely, with a resolution of 5 x 5 nm. This higher throughput allows for the collection of statistically-significant data sets.

Measurement modes other than simple topography have been demonstrated, allowed for by the contact mode cantilever arrangement and high-bandwidth data handling of such a system. These have included contact resonance for micro-stiffness \[[@bib69]\], electrical conductivity and thermal conductivity \[[@bib121]; [@bib132]\]. Further capabilities are being developed, allowing for measurements to be performed within an environmental chamber either at a specified humidity or under different gaseous environments.

[@bib87] reported experiments using contact mode HS-AFM ([Figure 19](#fig19){ref-type="fig"}) to image nano-scale corrosion in thermally-sensitised 20Cr--25Ni--Nb stabilised stainless steel. The work was conducted within a micro-electrochemical cell, with the aim of better understanding the role of microstructural segregations in corrosion. Further examples of the use of SPM in electrochemistry can be found in [@bib57] and [@bib124]. A review of the use of HS-AFM for materials science applications can be found in [@bib132].Figure 19*In situ* HS-AFM images of sensitised 20Cr--25Ni--Nb stainless steel grain boundaries: (a) before; (b) after +500 mV (Vs. Pt) polarisation in 5 mg.L^−1^ \[Cl^−^\]. The images show dissolution of grain boundary precipitates, thought to be chromium carbides. The scale bar shows the height in units of nm. From \[[@bib87]\].[18](#fn18){ref-type="fn"}Figure 19

#### 3.2.4.3. Electrochemical scanning tunnelling microscopy {#sec3.2.4.3}

Scanning tunnelling microscopy (STM) images a surface by 'quantum tunnelling' when a sharp probe, often made of W or Pt--Ir alloy, is deployed close to the surface (0.5--1 nm) such that the electron wavefunctions of the probe tip and specimen overlap \[[@bib56]\]. A tunnelling current is generated by applying a bias voltage between the probe tip and the specimen \[[@bib32]; [@bib193]\] as a result of electrons tunnelling through the electrically-insulating vacuum gap. Since the tunnelling current is exponentially dependent upon the distance between the probe tip and the specimen surface, it provides an accurate measure of the current and, as such, high-resolution, real-space visualisation of the surface topology (typical vertical resolution of 0.01 nm). Similarly, EC-STM images the surface of a specimen by measuring changes in the tunnelling current between the tip and the surface. However, in contrast to standard STM, EC-STM requires inclusion of an electrochemical cell and a suitable probe \[[@bib32]; [@bib81]; [@bib193]\]. This technique is related to conventional AFM since both are forms of SPM, and suffer from long measurement time (relative to the corrosion processes). As such, both STM and EC-STM are designated as indirect techniques.

EC-STM is well suited for the monitoring of EAC initiation mechanisms, such as pitting and surface dissolution, as well as inhibition processes, like the formation of passive films and the effects of inhibitors, in a number of material/environment combinations. The mechanisms by which passive films break down, and the ways in which they self-repair, are of particular interest in the context of environmental degradation. [Figure 20](#fig20){ref-type="fig"} shows application by [@bib149] to nickel with measurements highlighting alterations in structure induced by prolonged polarisation occurring in at a (111) single-crystal surface in 0.1 M aqueous sodium hydroxide during active/passive transition.Figure 20Topographic STM images of a nickel (111) surface undergoing dissolution in 0.1 mol dm^−3^ (aq): (a) -550 mV (Vs. SHE) after 180 s; (b) after 7320 s \[[@bib149]\].[19](#fn19){ref-type="fn"} Areas resistant to corrosion are marked "R", and areas of localised corrosion are marked "C". (c) shows the area continuously scanned (white dashed line) and a larger area after a period of 8320 s.Figure 20

Since STM and EC-STM provide high spatial resolution (typically \~0.1 nm) for processes occurring on the very-small-scale, they can be applied to understanding mechanisms such as passive film formation or pre-initiation of pits and/or cracks.

### 3.2.5. Surface specific techniques {#sec3.2.5}

A wide variety of further techniques exist for probing or analysing the surfaces of metals or corrosion products. These variously allow point analysis and mapping together with imaging, which can provide information about local chemical composition and phases arising from a corrosion process. Examples of these are given below. Optical light spectroscopy measurements bring the advantage that light is generally well-transmitted through aqueous electrolytes, allowing corrosion processes to be evaluated directly *in situ*. Typically, these methods use a monochromatic laser light source \[[@bib56]\]. Raman spectroscopy measures the shift in wavelength caused by inelastic scattering of light due to interacting with a molecule moving between two different rotational-vibrational energy states \[[@bib56]\]. Rather than direct fitting to theoretical spectra, it is normal to use characteristic patterns for qualitative identification to allow the *in situ* identification of corrosion product phases \[[@bib93]; [@bib112]; [@bib197]\]. By comparison, ellipsometry measures changes in polarisation of light reflected from a surface which can be related to the dielectric properties of very thin films on the surface. This can be used to make *in situ* measurements of oxide growth, for multi-layered passive film structures, potentially with atomic layer resolution. This method requires a near-ideal surface and is not suitable for specimens with thick or inhomogeneous surface layers. Typical length resolution is in the region of 100 μm, although measurement times can be well under a second, with nanosecond \[[@bib74]\] and real-time \[[@bib195]\] measurements reported in the literature. [Figure 21](#fig21){ref-type="fig"} shows how ellipsometry has been used to elucidate properties such as the refractive index, and how this changes as a function of temperature.Figure 21Ellipsometry on Si (100) coated with various materials: BSB-Cz (4,4′-Bis \[(N-carbazole)styryl\]biphenyl); TPD15 (N,N,N′,N′-tetrakis (biphenyl-4-yl) benzidine); TPT1 (N,N′-Diphenyl-N,N′-bis \[4'-(N,N-diphenyl-amino)biphenyl-4-yl\] benzidine) \[[@bib195]\]. The plots show the variation in refractive index and extinction coefficient for different temperatures as a function of wavelength.Figure 21

In summary, optical spectroscopy techniques can be used to examine corroding surfaces *in situ* and help evaluate EAC*.* Ellipsometry can be used to measure oxide growth on surfaces with atomic layer resolution, but its lateral resolution is limited. Raman spectroscopy allows measurement of composition and phases of materials and corrosion products. Secondary ion mass spectrometry (SIMS) is a FIB technique in which a high-energy ion beam is scanned across a specimen surface \[[@bib190]\]. Incident ions cause local ejection of substrate ions (and ion clusters) which are then analysed by time-of-flight mass spectrometry (ToF-MS), with isotopic resolution. This allows mapping of elemental composition with sufficient resolution to identify isotopic variations, with good coverage of light elements compared to EDS. The ability to resolve isotopes is important as this is a means of measuring the distribution of radioactive tracer species introduced into a corroding system and followed to identify active sites and species mobility \[[@bib88]; [@bib190]\]. In addition, SIMS can be used for profiling the composition as a function of depth. NanoSIMS, a development of SIMS, allows both ppm sensitivity detection and \<100 nm spatial resolution) \[[@bib98]\]. [@bib127] utilised NanoSIMS as part of an EAC investigation on the nickel-based superalloy 720Li. Since EDS was unable to differentiate the O K~α~ and Cr L~α~ spectral lines the capability of NanoSIMS provided complementary information on chemistry around an EAC crack tips ([Figure 22](#fig22){ref-type="fig"}). In addition [@bib102] utilised the high resolution offered by NanoSIMS to characterise SCC cracks in 304 stainless steel exposed to primary water chemistry (320 °C, 666 h). [@bib102] and [@bib101] highlighted the very high sensitivity of NanoSIMS, *i.e.* its ability to detect trace elements (S, B) around cracks, allowing detailed composition to be obtained. There is no information on the structure or crystallography. Selected area diffraction (SAD) TEM can provide crystallographic information but is both time-consuming and restricted in terms of analysis area ([@bib102]). One example of the high resolution and ability to detect trace elements available by NanoSIMS is shown in [Figure 23](#fig23){ref-type="fig"}, where B is segregated \[[@bib102]\].Figure 22(a) Electron backscatter image of a crack tip following experiment; (b) EDS false colour mapping; (c) NanoSIMS false colour maps. The scale bar shows relative intensity for the different compositions highlighted in (c). From [@bib127].[20](#fn20){ref-type="fn"}Figure 22Figure 23NanoSIMS analysis of an oxidised 304 stainless steel specimen following exposure to primary water environment: (a) FeO map; (b) BO~2~ map; (c) line profile along the boundary, toward the crack tip, and along the crack. From [@bib102].[21](#fn21){ref-type="fn"}Figure 23

X-ray photoelectron spectroscopy (XPS) measures the kinetic energy of electrons ejected from a specimen surface under X-ray irradiation \[[@bib190]\]. This allows point quantification of elemental composition and, in addition, electronic structure, which gives chemical information. The method is highly surface sensitive (top 1--10 nm analysed) and, hence, is a very powerful surface technique for investigating protective thin films, such as those found on the surface of stainless steels \[[@bib15]; [@bib22]; [@bib36]\]. The technique uses a broad X-ray beam, which means a relatively low spatial resolution (tens of micrometres), as it is limited by the size of the aperture used, although a monochromator can increase resolution. Auger electron spectroscopy (AES) has some similarities to XPS, although the probe is an electron beam. The incident electrons cause core electron loss, which indirectly causes photon emission due to electronic rearrangement. The electron beam may be scanned across the surface by magnetic or electrostatic fields, allowing elemental composition information to be obtained \[[@bib190]\]. In addition, AES can be used in conjunction with SEM to attain surface specific compositional imaging through Auger electron emission and, if combined with ion sputtering, can be used to produce a profile of the composition as a function of depth. These techniques require high vacuum and so are considered indirect methods. The resolutions range down well into the nanometre-scale, although the analysis area size is normally linked to the resolution, so high-resolution limits the extent of characterisation. A degree of specimen preparation is required, although for most materials this is not highly specialised or time-consuming.

3.3. Volume methods {#sec3.3}
-------------------

### 3.3.1. Structural {#sec3.3.1}

#### 3.3.1.1. Computed X-ray tomography {#sec3.3.1.1}

The majority of techniques used to characterise SCC are 2D. However, as EAC and, specifically, SCC are 3D phenomena \[[@bib99]; [@bib119]\] a number of tomographic techniques have been employed. Some of these may be applied *in situ* and so are considered direct methods. High spatial resolution tomography is achieved with serial section FIB milling with gallium ions (Section [3.3.2.1](#sec3.3.2.1){ref-type="sec"}). XCT allows computer reconstruction of images of internal structure based on X-ray opacity from 2D images (tomograms) observed for a sequentially incrementally-rotated specimen. Synchrotron XCT allows very high-resolution, high-speed imaging due to the intensity of X-ray radiation. Although modern laboratory sources can have comparable resolution, these typically have measurement times two orders of magnitude slower \[[@bib108]\]. Analysis may be undertaken *in situ* and has allowed observation of various corrosion processes \[[@bib42]; [@bib108]; [@bib156]\], including SCC initiation and propagation \[[@bib65]; [@bib80]; [@bib111]; [@bib171]\]. [Figure 24](#fig24){ref-type="fig"} shows images obtained by both SEM and XCT for a steam turbine disc exposed to water vapour containing 1.5 ppm \[Cl^−^\] at 90 °C. These reveal the pit-to-crack transition at the pit wall near the pit opening, complemented by FE modelling to understand the locations of maximum principle stress and strain within the pit ([Figure 25](#fig25){ref-type="fig"}).Figure 24Images of a steam turbine disc following exposure to chlorinated water vapour at 90°C by: (a) SEM top down view of pit to crack transition (arrows show location of cracks): (b--e) inverted X-ray tomography of same area at various viewpoints and through from lower magnification (b, c) through to higher magnifications where detail of the cracks are revealed (d, e). From [@bib171].[22](#fn22){ref-type="fn"}Figure 24Figure 25FE model showing distribution of (a) maximum principle strain; (b) maximum principle stress for a 100 μm diameter pit in plan view. Red regions denote areas of high strain and stress respectively. Green regions denote areas of low strain and stress respectively. From [@bib171].[23](#fn23){ref-type="fn"}Figure 25

Micro-scale precision is available, although the voxel size (resolution) that can be achieved is limited by the relative densities within the microstructure, specimen size and stability, as well as the instrument resolution. Typically, XCT spatial resolution is limited to \~1/1000th of the size of the specimen \[[@bib108]\] (as of 2014). In order to increase spatial resolution, the volume of the material sampled needs to be reduced. For example, with a 1 cm^3^ specimen the voxel size would be limited to \~10 μm, whereas if the specimen was size-reduced to 1 mm^3^ a voxel size of \~1 μm may be possible.

### 3.3.2. Composition {#sec3.3.2}

#### 3.3.2.1. Focused ion beam tomography {#sec3.3.2.1}

A FIB workstation, as described in Section [3.2.3](#sec3.2.3){ref-type="sec"}, can be used to create 3D reconstructions of an area of interest within a specimen. FIB tomography involves serial sectioning of a specimen volume by iterative ion milling, imaging (either by FIB or SEM) and computed image reconstruction, allowing parallel structural imaging and compositional analyses. The latter is achieved using EDS analysis during the serial sectioning sequence so that the reconstructed volume presents an array of images and associated compositional maps. The ion beam provides images that are used for observable contrast. The structural and textural information can be high-resolution, although the precision of EDS characterisation will be constrained by the much larger interaction volume (1--5 μm^3^). Tomography provides an insight into pit-to-crack morphology and the ability to locate early stages of crack initiation, such as by [@bib110], on 316L stainless steel fatigue specimens (cracked in air), and by [@bib99], on 304 stainless steel and inconel 600 alloy exposed to PWR primary water conditions (Figures [15](#fig15){ref-type="fig"} and [16](#fig16){ref-type="fig"}).

#### 3.3.2.2. Electron tomography {#sec3.3.2.2}

Electron tomography is capable of 3D visualisation of structures within thin foil specimens with nanometre resolution, as well as chemical composition \[[@bib99]; [@bib178]; [@bib119]\]. This technique involves the use of a FIB or dualbeam system to mill and extract TEM-sized specimens \[[@bib10]\]. A thin-section specimen is analysed with conventional imaging modes at a range of inclinations and the transmission data reconstructed. This method can be utilised in the analysis of SCC cracks that contain corrosion products to develop understanding of how cracks propagate within susceptible materials, as shown in [Figure 27](#fig27){ref-type="fig"}(d-f) \[[@bib99]\].Figure 26(a) APT reconstruction of oxidised 316 stainless steel needle specimen, exposed to PWR environment; (b) top-down view of the sub-interface once cap was removed; (c) small sub-volume showing the presence of selected elements; (d) line profile across the oxide-metal interface. Li is given as atom count (right axis) due to the low concentration at the interface. From [@bib100].[25](#fn25){ref-type="fn"}Figure 26Figure 27(a--c) Scanning TEM (STEM) images of SCC crack tips in 304 stainless steel exposed to PWR chemistry conditions at 320 °C with varying cold work: (a) 5%; (b) 10%; (c) 20%. (d--f) Corresponding reconstructed electron tomography models: (d) 5%; (e) 10%; (f) 20%. From [@bib99].[24](#fn24){ref-type="fn"}Figure 27

#### 3.3.2.3. Atom probe tomography {#sec3.3.2.3}

APT requires the preparation of extremely fine needle specimens; through electropolishing, or for site specific selection (e.g. grain boundaries, precipitates, or interfaces) milled using FIB. Key parameters for the needles are that they need to have a low shank angle and have end radii of \~50 nm. Typical needle dimensions used for analysis are \~80 × 80 × 200 nm \[[@bib116]\]. Needles are ionised to allow atomic resolution ToF-MS elemental analysis, followed by volume reconstruction. An example of the application of this technique has involved exposure of prepared SUS304 stainless steel specimens to an EAC environment (320 °C PWR primary water; 666 h), allowing characterisation of extremely small-scale reaction volumes \[[@bib30]\]. APT provides very high spatial resolution for chemical analysis \[[@bib30]\]. Example APT maps are shown in [Figure 26](#fig26){ref-type="fig"} for 20% cold worked 316 stainless steel exposed to a PWR environment for a period of 1500 h \[[@bib100]\].

Lozano-Perez et al. simplified the maps to show the oxides of Fe and Cr, with Li atoms superimposed. The figure reveals the inner surface oxide rich in Cr (shown in green) as the Fe-rich oxide (shown in blue) is only weakly adherent to the surface, and prone to fracture during the APT analysis. The sub-volume map and cross-section (Figures [26](#fig26){ref-type="fig"}c and 26d) show the incorporation of Li, present in PWR primary water, within the Cr oxide spinel. These workers note that the presence of B, another important additive in PWR primary water, could not be resolved in this experiment. The authors did, however, utilise NanoSIMS characterisation on the same oxide specimen \[[@bib101]\], which indicated that B may be enriched only in the outer part of the outer Cr-rich spinel layer, intentionally milled away for APT during the FIB sample preparation procedure. APT allows site specific analyses; such as locations susceptible to EAC (e.g. regions ahead to the crack tip), which assists in characterisation of the EAC mechanism. The main constraints are the very small analysis volume (typically \~100 × 50 × 50 nm) and complex specimen preparation. Accordingly, the main practical uncertainty with this technique is how representative the sampling is of the bulk material.

FIB, electron, and APT provide *ex situ,* indirect measurement which is akin to XCT, as outlined earlier. Each of these techniques allows the investigation of precipitate, solute and impurity distribution within the material. FIB tomography can identify and characterise crack tips with high spatial resolution compared to XCT voxel sizes. Thus, a combination of complementary techniques can be used, such as described by [@bib99], where FIB tomography, electron tomography and high-angle annular dark field TEM were used to examine crack tips in 304 stainless steel exposed to PWR chemistry and conditions ([Figure 27](#fig27){ref-type="fig"}).

[@bib24] combined techniques to study intergranular corrosion on sensitised 316H stainless steel as part of a correlative workflow. These included the different length-scale techniques of *in situ* XCT, *ex situ* higher resolution XCT, FIB tomography, EBSD and scanning TEM (STEM) EDS. Electron tomography is even more spatially-resolved than FIB tomography, with resolutions of \<1 nm. Resolution is dependent on the number of individual tomograms collected as these ultimately define the voxel size. APT can give detail on the elemental composition of materials with the highest spatial resolution. Each of these composition-based techniques has a higher spatial resolution than XCT but requires destruction of the specimen.

3.4. Reaction sensing {#sec3.4}
---------------------

### 3.4.1. Electrochemical techniques {#sec3.4.1}

In general, measured macroscopic electrochemical behaviour is an average of heterogeneous reactivity over an electrode surface. As such, it can include contributions from: (i) different active local sites; (ii) crystal orientation; and (iii) surface defects. There is a great diversity of methods employing electrochemical methods \[[@bib47]\], and these have a general advantage that they are direct, making possible *in situ* measurements. However, there is a need when addressing EAC to map surface reactivity at length-scales down to the nano-scale. To accommodate this high spatial resolution challenge for local electrochemical information, probes with dimensions smaller than the required spatial resolution have to be adopted, together with stable and precise control of the position \[[@bib199]\].

Corrosion processes can be monitored relatively simply by employing either open circuit or potentiodynamic experiments to provide insight into the electrochemical behaviour of the system \[[@bib143]\]. To probe more complex behaviours, alternating current techniques (electrochemical impedance spectroscopy (EIS); electrochemical noise (EN)) can be employed, and have been used to detect and interpret the processes occurring during corrosion (Section [3.4.1.3](#sec3.4.1.3){ref-type="sec"}). Unfortunately, these methods are severely limited by their spatial resolution, although this may be addressed with consideration and/or control of geometry, notably of the crack tip \[[@bib40]; [@bib172]\]. As a result, considerable effort and research over the past few decades have produced improved techniques with increased spatial resolution \[[@bib143]\]. These include localised EIS and SVET \[[@bib16]; [@bib129]; [@bib143]; [@bib196]\]. A further approach is to confine the area under study, by using micro-electrodes, possessing very small surface areas \[[@bib20]; [@bib38]; [@bib90]; [@bib154]; [@bib164]\], or droplet cells, in which a very small proportion of a larger surface is exposed to solution (Section [3.4.1.2](#sec3.4.1.2){ref-type="sec"}).

#### 3.4.1.1. Scanning vibrating electrode technique {#sec3.4.1.1}

SVET is an electrochemical technique that can be implemented to measure corrosion initiation \[[@bib87]; [@bib138]; [@bib186]; [@bib187]; [@bib182]; [@bib180]; [@bib191]\] and subsequent propagation *in situ* as a direct technique. [Figure 28](#fig28){ref-type="fig"} shows how SVET can be used to identify localised corrosion initiation sites, and the distribution of anodic (red in [Figure 28](#fig28){ref-type="fig"}) and cathodic (blue in [Figure 28](#fig28){ref-type="fig"}) current density (*j*~*z*~) across the surface of a magnesium alloy immersed in aqueous NaCl. Surface current density maps can be obtained, together with line scans to reveal the rates of corrosion propagation across a corroding surface, as shown in [Figure 29](#fig29){ref-type="fig"}. This method provides an insight into kinetics and mechanisms of corrosion within aqueous environments \[[@bib115]; [@bib191]\].Figure 28Examples of SVET surface current density maps (*j*~*z*~) obtained from AZ31 magnesium alloy exposed to 5% NaCl w/v (aq) following (a) 12 min; (b) 30 min; (c) 60 min; (d) 2h; (e) 4h; (f) 12h exposure. The scale bar shows current density in units of Am^−2^. From [@bib182].[26](#fn26){ref-type="fn"}Figure 28Figure 29Plots of surface current density (*jz*) as a function of distance showing the rate of corrosion propagation with time: (i) 12 min; (ii) 24 min; (iii) 32 min; (iv) 50 min. The location which was used as the initiation point is indicated by the black arrows in [Figure 26](#fig26){ref-type="fig"}(b). From [@bib182].[27](#fn27){ref-type="fn"}Figure 29

Local potential gradients within a solution are measured by a vibrating micro-electrode scanned at a nominal height above the surface of a corroding specimen \[[@bib203]; [@bib51] [@bib143]; [@bib191]\]. These potential gradients are proportional to the current density. Once the micro-electrode has performed a raster scan across the surface, a map of current density can be obtained. These maps, repeated over specific time intervals, allow the monitoring of anodic and cathodic regions with \~100 μm spatial resolution. Although activity is still measured for smaller couples, the sensitivity is reduced. Measurement times are typically 20 min for one scan of 10 mm^2^ area. SVET has been used for investigations into corrosion mechanisms and control \[[@bib51]; [@bib59]; [@bib87]; [@bib143]; [@bib181]; [@bib180]\]. Subject to a set of assumptions, a simple calculation using Faraday\'s law can then allow corrosion rates to be estimated ([Figure 30](#fig30){ref-type="fig"}) \[[@bib159]\]. There are opportunities for the technique to be used in co-ordination with stress applied to a test specimen, such as adopted for three-point bend or slow strain rate tests. In such an experiment, at the site where pit-to-crack transition is present anodic activity would be detected by SVET. The values of current density obtained through this method could then be input into predictive SCC models to both inform and verify the modelling.Figure 30(a) SVET measured mass loss for different zinc-magnesium-aluminium alloys over a period of 24 h following immersion in 1% NaCl; (b) SVET measured mass loss for ZMA 2 with the use of varying concentrations of corrosion inhibitor. From [@bib159].[28](#fn28){ref-type="fn"}Figure 30

#### 3.4.1.2. Scanning Kelvin probe {#sec3.4.1.2}

SKP is a high-sensitivity, electrochemical scanning technique which is capable of measuring work functions of metals and alloys. SKP is an indirect technique and does not require the electrode (Au wire probe) to be immersed and, therefore, is suitable for monitoring of atmospheric corrosion. This is possible as, once calibrated, the technique is able to measure the electrode potential of surfaces even when covered by very thin electrolyte layers, which may be resistive, or thin organic and inorganic coatings \[[@bib113]\]. Since the SKP technique does not measure current, the rate of reactions cannot be determined. As with SKPFM (Section [3.2.4.1](#sec3.2.4.1){ref-type="sec"}), SKP measures the Volta potential difference, or contact potential, between the two metals (probe and specimen) when separated and when an external connection is made. This arises because when the metals are separated Fermi levels are independent of one another. However, when connected the Fermi levels equalise, leading to the Volta potential difference. The probe is then set to oscillate normal to the sample surface, thus establishing an alternating current between the two metals. As the two metals are separated by a dielectric medium, they act as two plates of a parallel plate capacitor storing an electrical charge. An external bias potential is then applied to null the current, which is inversely proportional to the change in work function between the reference probe and the sample. Both the probe-to-sample distance and the probe diameter are important variables which constrain the spatial resolution of the SKP technique \[[@bib114]\]. For a 125 μm tip diameter and 100 μm probe-to-specimen distance, the lateral resolution is \~140 μm; with the lateral resolution controlled by whichever of these two parameters is largest.

The technique has been used to study atmospheric corrosion, including filiform corrosion \[[@bib185]\] and under-film corrosion through cathodic disbondment processes \[[@bib61]; [@bib184]; [@bib183]\]. [Figure 31](#fig31){ref-type="fig"} shows how SKP can be used to study the change in free corrosion potential (E~corr~) away from a coating defect on a coated hot-dip-galvanised zinc substrate. [Figure 32](#fig32){ref-type="fig"} shows how this information can be used to calculate the time required for coating delamination to occur for a PVB coating combined with graphene nanoplatelets (GNP) on an iron substrate \[[@bib61]\].Figure 31Profiles of E~corr~ with distance as a function of time for a hot-dip-galvanised zinc substrate with a polyvinyl butyral (PVB) coating containing: (a) 0.05; (b) 0.3 Zn^2+^ cross-linked sulphonated polystyrene pigment volume fractions. The curves show the rate of coating delamination away from a coating defect. From [@bib183].[29](#fn29){ref-type="fn"}Figure 31Figure 32Plots of delamination distance with time for PVB coatings containing different pigment volume fractions of GNP (shown in legend). From [@bib61].[30](#fn30){ref-type="fn"}Figure 32

At present this technique is suited for investigating different corrosion mechanisms, such as those listed above. However, the SKPFM technique can complement macro-scale SKP by offering more amicable nano-scale resolution.

#### 3.4.1.3. Electrochemical micro-capillary technique {#sec3.4.1.3}

Silicon-coated glass capillaries may be employed as individual electrochemical cells. By positioning a capillary at specific points on a specimen surface, features such as grain boundaries can be individually targeted using an optical microscope and analysed at the micro-scale, without exposing the entire surface to the electrolyte. This technique allows localisation of test methods at the micrometre range (smallest useful tip diameter is 1--5 μm \[[@bib161]\]), with a time resolution that is dictated by the type of testing undertaken, but which can be in the micro-second range. The micro-capillary can be formed by pulling a heated glass tube to give a conical shape at one end. The end of the tube is then dipped into a silicone lacquer; the inner is then removed using a solvent. The quality of the silicone and procedure determine the quality of the experiment as they affect the possibility of crevice corrosion under the tip \[[@bib161]\]; silicone is hydrophobic and so electrolyte permeation under the tip is discouraged. Furthermore, the elastic properties of the silicone allow it to conform to curved or rough surfaces, reducing the possibility of crevice corrosion. The quality of the experiment is determined by tip diameter, limited by two factors: (i) potentiostat input resistance, which is required to be two orders of magnitude greater than the specimen resistance; and (ii) potentiostat current sensitivity, to be a minimum of one order of magnitude lower than the passive current \[[@bib161]\].

[@bib21] applied electrochemical micro-capillaries to measure characteristic potential signals produced by crack initiation and propagation due to IGSCC in stainless steel ([Figure 33](#fig33){ref-type="fig"}(a)). These showed a series of stepwise peaks ([Figure 33](#fig33){ref-type="fig"}(b)), representing sharp current increases (rapid metal dissolution) and subsequent slow exponential current decay (repassivation). These results indicated that IGSCC is discontinuous and best considered as a series of active and passive steps, as described by the film rupture model.Figure 33(a) Schematic of the electrochemical micro-capillary technique used by [@bib21][31](#fn31){ref-type="fn"}; (b) results from potentiostatic experiment using the micro-capillary technique with a stressed sensitised 304 stainless steel specimen.Figure 33

#### 3.4.1.4. Electrochemical noise (EN) {#sec3.4.1.4}

Since SCC growth processes can occur relatively rapidly, efforts have been directed at transient techniques to determine the mechanisms involved \[[@bib85]\]. The measurement of EN is a non-intrusive technique that is able to detect individual electrochemical events during SCC in real-time for *in situ* conditions \[[@bib27], [@bib28]; [@bib47]; [@bib84]; [@bib85]; [@bib138]\]. As a result, this technique is particularly suited for the detection and following of the early stages of localised corrosion \[[@bib84]\]. It involves the monitoring of electrode potential and current fluctuations that occur spontaneously as a result of corrosion reactions \[[@bib27], [@bib28]; [@bib47]; [@bib51]; [@bib85]; [@bib138]\].

EN measurements are not normally conducive to identifying the locality of reactions, although they can be used effectively with micro-electrode approaches to achieve this with micrometre accuracy. However, it would be challenging to deploy on a stressed test specimen. Data can be collected in the millisecond regime. There have been various interpretations of EN signals \[[@bib21]\]. Calabrese et al. measured EN signals of SCC events for 17-4 PH stainless steel in a solution of hot magnesium chloride ([Figure 34](#fig34){ref-type="fig"}) \[[@bib27], [@bib28]\]. Using these data, they were able to label the damage phases: stage I, electrochemical activation; stage II, propagation; stage III, acoustic emission (AE) quiescence; and stage IV, failure \[[@bib27], [@bib28]; [@bib85]\]. The electrochemical activation stage involves localised thinning of the passive film, until depassivation has occurred. At this stage, metastable pit nucleation takes place in these locations. In stage II, successful metastable pits grow and stable pitting occurs. This is the time in which pit-to-crack initiation can occur, defined as short-range crack propagation, and the point where there is competition between pitting and SCC propagation. Stage III can be defined by long-range crack propagation, where electrochemical dissolution of the crack tip takes place. Once the crack tip reaches a critical geometry and is subject to the required stress intensity factor the final stage (IV) is reached, where the crack propagates instantaneously and the specimen fails. In contrast to some other methods, EN is capable of distinguishing between different mechanisms for corrosion: crevice corrosion; stable and metastable pitting; uniform corrosion; and SCC \[[@bib85]; [@bib47]; [@bib51]; [@bib27], [@bib28]\]. Studies into the corrosion of austenitic stainless steels in various environments have demonstrated that by monitoring EN fluctuations it is possible to detect the initiation and periodic propagation of cracks in SCC tests \[[@bib27], [@bib28]; [@bib85]\]. Research has already been performed using EN measurements to study SCC mechanisms, and this ability could allow insight into the evolution of corrosion over time. [@bib96] used EN to study SCC of α-brass and SCC on 7000 series aluminium alloy \[[@bib97]\].Figure 34Cumulative acoustic emission (AE; red) and electrochemical noise (EN; black) as functions of time during SCC of 17-4 PH stainless steel, showing the four distinct damage stages. From [@bib28], [@bib27].[32](#fn32){ref-type="fn"}Figure 34

[@bib35] demonstrated a novel *in situ* approach to monitoring corrosion processes using EN on stainless steels, using three separate EN cells with asymmetric electrodes. EN measurement was made simultaneously with the three cells located in the same electrolyte. The first cell consisted of three Pt electrodes, and filtered background noise as no corrosion was expected to occur. The second consisted of two stainless steel working electrodes and a Pt pseudo reference electrode to allow monitoring of background noise, general corrosion and pitting corrosion ([Figure 35](#fig35){ref-type="fig"}). Finally, a third cell using a stressed, sensitised stainless steel electrode and a second, unstressed, unsensitised stainless steel electrode, alongside a Pt pseudo reference electrode, monitored general corrosion, pitting corrosion and SCC. By considering the signals obtained from each of the individual cells, the authors were able to identify SCC EN signals from background noise, pitting corrosion noise and general corrosion noise with changes in chemistry. [@bib35] showed that EN was able to monitor changes in potential and current at relatively low chloride concentrations (1--20 ppm chloride).Figure 35Schematic showing the multi EN cell (background, pitting and SCC cell) experimental set up used by [@bib35][33](#fn33){ref-type="fn"} to differentiate between different types of corrosion processes using the EN technique.Figure 35

The experimental set-up used by [@bib35] was specially used for the experiments on 20/25/Nb stainless steel, which can be affected by IGSCC in spent fuel storage due to a combination of neutron flux and prolonged use at temperature when in service \[[@bib34]\]. The material can be thermally sensitised to induce IGC. The current understanding however is that the material does not exhibit IGSCC in a heat-treated state, therefore sensitised 304 stainless steel was used as an analogus material during the investigation. It is noteworthy that the authors recommend development of the multi-cell technique for future industrial applications. In order to fully understand the data generated (different stainless steels were used in the experiment) the same composition stainless steel, in the same condition, may be utilised for the working electrodes (e.g. thermally sensitised, or unsensitised), which would then give a clearer indication of the processes occurring.

#### 3.4.1.5. Scanning electrochemical microscopy {#sec3.4.1.5}

Scanning electrochemical microscopy (SECM) is an *in situ* technique capable of direct EAC process measurement. It employs a small polished Pt wire probe encased within an insulator (an ultramicro-electrode). The wire can range in diameter from 10 μm \[[@bib18]\] down to as small as \~10 nm through the use of modern preparation techniques \[[@bib4]\]. For corrosion experiments, the specimen and tip are both immersed alongside the reference counter electrodes. The SECM probe can be used in two ways. The first, known as collection mode, is suitable for monitoring corrosion processes from sample generation of ionic species, either at a fixed potential or through cyclic voltammetry. The second, feedback mode, in which the tip moves towards the specimen at a rate of the order of 1--5 μm s^−1^ while the current is monitored, allows diffusion processes to be studied \[[@bib136]\]. To date, SECM has had limited use within the EAC field. Whilst research is limited, 304L austenitic stainless steel has been examined while immersed under static stress conditions \[[@bib151], [@bib152]\]. Electron transfer kinetics of the passive stainless steel oxide layer were determined using feedback mode under elastic stress, and in the unstressed condition \[[@bib151]\]. The same material (notched tensile specimen) with stresses applied led to plastic deformation ([Figure 36](#fig36){ref-type="fig"}) \[[@bib152]\]. A raster scan can be performed at a constant height for imaging purposes using both modes. Spatial resolution is dependent on scan height and tip diameter, with greater resolution attained when nanometre-size tips are used. SECM, therefore, uses stepper motors capable of step sizes of \<1 nm \[[@bib18]\], and is sometimes coupled with AFM to use piezoelectric motor positioning and perform high spatially-resolved topographical maps of the specimen surface \[[@bib4]\].Figure 36(a) FE modelling showing normal plastic strain at a notch along the x axis, y axis and z axis of a notched 304L stainless steel tensile test specimen; (b) SECM current density map of the notch whilst under tensile stress (470 MPa) in 10 mM K~3~ \[Fe(CN~6~)\]·3H~2~O + 0.5 M K~2~SO~4~. From [@bib152].[34](#fn34){ref-type="fn"}Figure 36

SECM provides high spatial resolution within the order of nm, if nm-sized tips are used and the specimen-to-tip distance is comparatively small. The feedback mode capability presents an interesting possibility to measure diffusion processes for SCC propagation once cracks initiate but may be limited by crack growth geometry.

### 3.4.2. Acoustic emission {#sec3.4.2}

AE is a non-destructive, *in situ*, direct technique \[[@bib47]; [@bib85]\] capable of identifying and characterising various EAC processes, *e.g.* uniform, pitting, crevice and erosion corrosion \[[@bib86]\]. AE can be used to perform both global and local measurements on a system undergoing corrosion \[[@bib27],[@bib28]\]. Similar to electrochemical techniques, AE signals are reasonably difficult to localise, although the events can be positioned to within a few mm with conventional methods, or more precisely with the use of micro-assemblies. Time series data can be analysed with microsecond resolution. AE has been widely applied to the detection of SCC from acoustic waves emitted by fast energy relaxation events \[[@bib27],[@bib28]; [@bib85]; [@bib86]\]. AE has previously been implemented for SCC and cracking mechanism studies in a number of different metals and alloys, such as α-brass \[[@bib89]\], single crystal Ag--10Au alloy \[[@bib3]\], and type 316L and type 304 stainless steels \[[@bib2]; [@bib26]\].

[@bib27], [@bib28] were able to identify four distinct damage stages from an AE cumulative energy plot ([Figure 37](#fig37){ref-type="fig"}), compared with simultaneous electrochemical measurement ([Figure 34](#fig34){ref-type="fig"}): (i) electrochemical activation; (ii) crack initiation and short-range propagation; (iii) long-range crack propagation; and (iv) failure. [Figure 37](#fig37){ref-type="fig"} shows the location of AE sensors at either end of the specimen which was immersed in electrolyte and also results from an AE experiment as a function of distance and energy \[[@bib27], [@bib28]\]. [@bib86] found considerable differences between AE signals measured from SCC and those from non-crack-related events. Some researchers have used AE in combination with EN to investigate SCC in austenitic and martensitic stainless steels \[[@bib29]; [@bib47]\].Figure 37(a) Experimental system used by [@bib28][35](#fn35){ref-type="fn"} to study SCC using AE; (b) AE event distribution as a function of time; the four distinct damage stages are highlighted.Figure 37

AE is capable of identifying single SCC events \[[@bib47]; [@bib85]\], such as crack initiation and propagation, and it can be used to monitor the evolution of SCC and the development of defects within a material \[[@bib27], [@bib28]; [@bib47]; [@bib86]\].

3.5. Diffraction and reflectivity techniques {#sec3.5}
--------------------------------------------

### 3.5.1. X-ray diffraction {#sec3.5.1}

X-ray diffraction (XRD) involves interpretation of diffraction patterns observed from the incidence of an X-ray beam onto a crystalline solid specimen \[[@bib56]\]. The technique allows identification of crystal structure, which is valuable for detailed analysis of corrosion products. XRD can also be used to measure oxide thicknesses, such as the growth of protective Cr~2~O~3~ on austenitic stainless steel in a high-temperature CO~2~ environment \[[@bib165]\]. The technique also allows crystallographic texture to be deduced. Residual stress fields at the specimen surface may be measured by resolving macroscopic strain from variations in the crystal lattice parameters and micro-strain from peak broadening, although this is limited to elastic strain \[[@bib189]\]. The technique is generally used *ex situ*, although laboratory X-ray sources can be used for *in situ* purposes. For example, [@bib144] used glancing incidence XRD to characterise the structure and growth of oxides on copper exposed to chloride, as shown in [Figure 38](#fig38){ref-type="fig"}. Given the limited source brightness in comparison to synchrotron sources, this technique has been classed as an indirect measurement.Figure 38Glancing incidence XRD spectra obtained from copper in 0.1 N NaCl as a function of immersion time for: (a) 0 mV vs SCE; (b) 100 mV vs SCE; (c) 200 mV vs SCE. From [@bib144].[36](#fn36){ref-type="fn"}Figure 38

### 3.5.2. Synchrotron X-ray diffraction {#sec3.5.2}

High-intensity beam lines have revolutionised materials science due to the capability to make extremely fine, spatially- and temporally-resolved measurements. A number of techniques are relevant to corrosion science, including: X-ray reflectivity; high-angle XRD; X-ray absorption spectroscopy; and X-ray absorption near edge structure (XANES). [@bib77] used XANES to study composition and oxide film formation on coated aluminium as part of an industry-wide effort to remove hexavalent chromium (Cr(VI)) from chromate conversion coatings due to its toxicological and environmental impacts. [@bib77] noted that, although XPS is a suitable technique to investigate film formation, XANES was potentially better suited to extract the Cr(VI) to total Cr ratio. In ultra-high vacuum, photodecomposition of Cr(VI) occurs, leading to errors in the ratio and inability to evaluate the surface composition of even a few monolayers in air. XANES was used to study film formation as a function of time in a chromating bath, allowing the Cr(VI) to Cr(III) ratio within the coating to be obtained to establish the mechanism by which corrosion protection occurs. Many of these techniques may be applied *in situ*, to provide a direct measure, due in part to the high-intensity, or high penetrating power, of the X-ray beams [@bib200], [@bib201]. The dual use of a high-intensity X-ray beam for simultaneous irradiation and probing of uranium dioxide in an aqueous environment was demonstrated by [@bib202].

The formation of salt films on iron, nickel and stainless steels was studied using *in situ* synchrotron XRD ([Figure 39](#fig39){ref-type="fig"}). This approach allows the chemistry and crystal structure to be determined at an artificial pit \[[@bib140]\]. The authors were able to isolate the main salt phases present on each of the metal systems studied when exposed to HCl. For stainless steel (316L) and iron, FeCl~2~·4H~2~O was found to be the main phase, compared to NiCl~2~·6H~2~O on nickel; the results were found to be consistent with those from the literature.Figure 39(a) Schematic for the characterisation of salt films on a corroding metal surface using synchrotron XRD applied external polarisation; (b) optical micrograph of a salt film on a nickel surface exposed to HCl. From [@bib140].[37](#fn37){ref-type="fn"}Figure 39

### 3.5.3. Neutron diffraction {#sec3.5.3}

Neutron diffraction can yield similar structural and crystallographic information as XRD. However, it is much less surface-constrained due to the greater penetration of neutrons \[[@bib52]\]. *In situ* neutron diffraction was used by [@bib31] to study weld residual stresses and subsequent relaxation following heat treatment on butt-welded ferritic steel pipe, which would not be possible using XRD due to its limited penetration. There is also a greater sensitivity for light elements as the main interaction is nuclear rather than electronic, and isotopic resolution is often available. Small angle neutron scattering is a prominent example which provides information on the distribution of phases within a specimen, with nanometre resolution. These techniques may also be used for residual stress analysis. Neutron diffraction would typically be classed as an *ex situ*, indirect technique, as neutron sources are usually either from a fission reactor or from spallation sources, and experiments are undertaken following slow strain rate testing (SSRT).

3.6. Mechanical testing {#sec3.6}
-----------------------

### 3.6.1. Small-scale tensile testing {#sec3.6.1}

There are a variety of very-well-developed macro-scale mechanical testing techniques involving specimen types including compact tension and single edge notched bending/tensile \[[@bib5]\]. These can generally translate into smaller scales, as micro-compact tension type specimens. Small tensile beams and three- or four-point bend tests are also widely used for the more specialised testing for measuring SCC resistance, for applying well-known stress and strain states to a specimen and allowing dynamic measurements. SSRT and constant extension rate tensile tests as *in situ*, direct techniques are well-developed for studying the effect of tensile stress on a specimen within an aqueous environment \[[@bib95]; [@bib125]; [@bib135]\], and can be miniaturised by, for example, the use of 'dog-bone' type specimens [@bib17].

### 3.6.2. Small punch/disc testing {#sec3.6.2}

These small-scale, destructive mechanical tests use equi-biaxial loading ([Figure 40](#fig40){ref-type="fig"}) on disc specimens several mm in diameter and normally \~0.5 mm thick. A die contacts the specimen surface and is loaded, ultimately causing deformation which can be measured and related to bulk mechanical properties. Examples of failed specimens are shown in [Figure 41](#fig41){ref-type="fig"}. Extensive work programmes have validated the technique for various creep, brittle and ductile fracture \[[@bib53]\], and fatigue regimes, and notably allowed the use of size-reduced irradiated steel specimens or the examination of additive layer manufactured (ALM) materials. Specimens are typically tested at high temperature, with the loading regime chosen according to the type of degradation process under test \[[@bib70]\].Figure 40Schematic of the small punch test showing the location of the small punch specimen and upper/lower dies. From [@bib70].[38](#fn38){ref-type="fn"}Figure 40Figure 41Examples of ALM small punch test specimens following the small punch test. From [@bib70].[39](#fn39){ref-type="fn"}Figure 41

This method has been developed to allow *in situ* EAC experimentation with chemistry, temperature and pressure conditions representative of a BWR (288 °C; 9 MPa) \[[@bib72]\]. This setup is capable of simulating both BWR and PWR conditions and, through the use of a zirconia viewing window, *in situ* observation of type 304L sensitised stainless steel specimens (1.5 mm diameter, 250 μm thick) \[[@bib71]\]. [@bib72] cold rolled specimens to varying target yield strengths (500, 750, 1000 MPa), prepared, and then subjected to examination in a BWR environment with a gradual load applied. [Figure 42](#fig42){ref-type="fig"} shows the results of this experiment for the 1000 MPa cold rolled austenitic stainless steel specimens \[[@bib72]\].Figure 42Cold rolled 316L austenitic stainless steel specimens following small punch test in a BWR environment. (a, b) top and side view of the failed specimen, (c) top view slip line step, (d) view of crack initiation point along slip line step, (d) view of the fracture face, (e) crack initiation site. From [@bib72].[40](#fn40){ref-type="fn"}Figure 42

### 3.6.3. Micro-mechanical methods {#sec3.6.3}

Relatively recently, with advances in micro-scale techniques, studies in SCC have turned to micro-mechanical methods \[[@bib12]; [@bib194]\]. These take a number of similar forms and can be used to measure mechanical properties on the nano-scale, such as critical stress intensity factor \[[@bib157]\], fracture toughness \[[@bib12]; [@bib44]; [@bib192]; [@bib41]*.*\] or fatigue strength \[[@bib194]\]. To test for these properties, a micro-cantilever of the material under investigation can be fabricated by means of FIB machining or lithography, and stressed by a nano-indenter until fracture. The experimental system adopted by [@bib13] allows measurements to be conducted by immersion in a corrosive electrolyte ([Figure 43](#fig43){ref-type="fig"}).Figure 43(a) FIB SE image of fabricated cantilever before experiment. The cantilever was then exposed to 0.1 mol potassium tetrathionate; (b) cantilever following 750 μN load, showing a partial crack; (c) cantilever following 775 μN load, which caused failure, as the crack propagated through the beam. From [@bib13].[41](#fn41){ref-type="fn"}Figure 43

Errors within this technique may arise from the very small sample size (*i.e.* individual grains) compared to larger specimens, so that it is necessary to establish implications for the micro length-scale. However, micro-mechanical methods for measuring stress intensity factor have been validated on a number of materials, *e.g.* silicon \[[@bib44]\], tungsten \[[@bib192]\], bismuth-embrittled copper \[[@bib14]\], tungsten carbide coatings \[[@bib44]\] and electrodeposited nano-crystalline nickel-tungsten films \[[@bib12]\]. Another source of error may arise from the cantilever fabrication, where thin amorphous films of implanted gallium of the order of 10s of nm may be introduced from the ion milling process \[[@bib78]\]. New evidence from [@bib63] indicates that in all cases lattice distortions will be caused when using FIB, and if a protective layer is used, such as Pt, damage and substantial strain should be expected. This contamination from the ion beam may affect EAC experiments, which can be minimised to some extent using:•deposition of a protective layer, such as Pt, W or C.•reduced ion beam current.•reduced ion beam current for the final milling stage.

[@bib157] implemented micro-mechanical testing to determine the critical stress intensity factor for fracture along oxidised grain boundaries of Alloy 600 ([Figure 44](#fig44){ref-type="fig"}) with varying orientations exposed to PWR primary water chemistry conditions (325°C; hydrogen partial pressure 30 kPa). The micro-cantilevers were gallium ion milled and notched along the grain boundary under investigation. Following exposure to the test environment, the final cantilevers were then stressed by loading the free end using a nano-indenter. It was found that oxidation resulted in a significant weakening of the grain boundaries, providing further insight into the factors and environments that can result in IGSCC susceptibility for nickel-based alloys.Figure 44Alloy 600 pentagonal profile micro-cantilevers (25 μm long, 5 μm wide) exposed to a hydrogenated PWR environment at 325°C for 1500 h: (a) stress-strain curves; (b) the specimen before the load was applied; (c) after the load was applied. From [@bib157].[42](#fn42){ref-type="fn"}Figure 44

Similarly, [@bib48] exposed triangular profile Alloy 600 micro-cantilevers to PWR chemistry (500 ppm B; 2 ppm Li; 2.75 ppm DH~2~) at 360°C for a period of 2700 h. Following exposure, the micro-cantilevers were loaded to failure. [@bib48] also performed FIB serial sectioning and TEM following exposure and loading. This resulted evaluating how oxidised grain boundaries fail, for instance the path cracks may propagate in the presence of chromium carbides located at grain boundaries. The images in [Figure 45](#fig45){ref-type="fig"} shows crack propagation along the left of a chromium carbide precipitate located on a grain boundary. The upper-left and upper-right images show the cross-section at different sections. The lower-left and lower-right images are 3D models of the micro-cantilever, generated from FIB serial sectioning. Red denotes chromium carbides, yellow Cr-rich oxide, green Fe-rich external oxide and blue the open crack.Figure 45Secondary electron images obtained during FIB serial sectioning of a triangular profile micro-cantilever following exposure to PWR conditions and loading. From [@bib48].[43](#fn43){ref-type="fn"}Figure 45

The work by [@bib11] exemplifies one particular benefit of using such micro-mechanical methodologies, work on irradiated materials. Ion implantation was performed on Fe- 12% Wt. Cr steel. Following this, an array of 12 micro-cantilevers was fabricated on the ion-irradiated and non-irradiated areas of the same grain (example shown in [Figure 46](#fig46){ref-type="fig"}). These were then loaded using a nano-indenter and stress-strain curves recorded ([Figure 47](#fig47){ref-type="fig"}). The work is an example of how micro-mechanical methods could be used to qualitatively assist with high-throughput EAC testing of novel materials, for future material applications to Gen IV or fusion.Figure 46Example SEM images of micro-cantilever arrays fabricated by FIB: (a) uniform cross-section; (b) waisted cross-section. From [@bib11].[44](#fn44){ref-type="fn"}Figure 46Figure 47Stress-strain curves for ion-irradiated micro-cantilevers (red) and unirradiated micro-cantilevers (green). From [@bib11].[45](#fn45){ref-type="fn"}Figure 47

The micro-cantilever technique has been combined with electrochemical environments to explore hydrogen-assisted cracking of ferritic steels by cathodic charging of hydrogen whilst bending *in situ* ([@bib19]; [@bib43]; [@bib62]\]. [@bib43] fabricated micro-cantilevers by FIB (dimensions \~2 × 4 × 8 μm) and then moved the specimens into an ESEM to conduct an EAC experiment. Through the use of ESEM, alongside a pico-indenter system, both loading and hydrogen-charging could be conducted, with images taken iteratively. [Figure 48](#fig48){ref-type="fig"} shows how the three main variables for EAC (stress; susceptible microstructure; environment) can be studied using a micro-mechanical approach, alongside advanced EBSD. [Figure 48](#fig48){ref-type="fig"}(a1, a2) shows secondary electron images of the micro-cantilever, in top-down view, before and after exposure to water vapour (and applied stress); corresponding EBSD kernel averaged misorientation (KAM) maps are shown in [Figure 48](#fig48){ref-type="fig"}(b1, b2), side-view in vacuum. The KAM maps show the average MO for each pixel (represented by the false-colour-scale) compared to neighbouring pixels with respect to a reference point within each grain at a minimum, or zero, strain. [Figure 48](#fig48){ref-type="fig"}(c) shows the stress-strain curves for the material in vacuum, and in the presence of water vapour. In the first instance, orientation was established using EBSD and then the micro-cantilevers were stressed *in situ* by the picoindenter system whilst also being exposed to the hydrogen-charging environment (water vapour) within the ESEM. EBSD and TEM were then conducted following the experiments.Figure 48The use of micro-cantilevers to study hydrogen embrittlement within an ESEM in vacuum: (a1) micro-cantilever in top-down view before exposure to water vapour and applied stress; (a2) following exposure and stress; (b1) EBSD KAM map of micro-cantilever, side view, before exposure to water vapour and appied stress; (b2) after exposure and applied stress; (c) stress-strain curve for micro-cantilevers exposed to the hydrogen charging environment. From [@bib43].[46](#fn46){ref-type="fn"}Figure 48

Such tests can be applied *in situ*, to provide direct measurement of displacement for a given applied force. This is simple for a system comprised of a material and stress, but without the influence of solution environment chemistry (*i.e.* SCC). For example, whilst there have been inroads to the use of micro- and nano-mechanical testing, such as the use of micro-electromechanical systems, nanowires, nanostructured thin films and more, these do not take into account the environment. Such procedures were reviewed by [@bib60]. Furthermore, whilst experiments have been conducted on micro-cantilevers *in situ* \[[@bib19]; [@bib62]), these have not been conducted at temperatures exceeding the boiling point of water. Likewise, experiments have been conducted on micro-cantilevers exposed to PWR conditions by [@bib157], but examined using a micromanipulator following oxidation.

One such example of where the EAC variables (high-temperature water; stress; susceptible microstructure) have been combined alongside the micro-mechanical approach is in the work by [@bib64]. [Figure 49](#fig49){ref-type="fig"} shows how a single beam was fabricated using FIB, cut in the centre and then displaced through the use of a micromanipulator such that one micro-cantilever underwent plastic deformation and the other still elastic. This resulted in a pair of stressed micro-cantilevers which were then exposed to a high-temperature, high-pressure water environment for EAC studies. [Figure 49](#fig49){ref-type="fig"}(a) shows the hexagonal profile beam prepared using FIB, and [Figure 49](#fig49){ref-type="fig"}(b) the beam cut in half by FIB. Using a micromanipulator, the authors were able to induce plastic deformation in one cantilever, and checked the other cantilever, which was still within the elastic regime. [Figure 49](#fig49){ref-type="fig"}(c) shows the stressed micro-cantilevers following immersion within a 200 ml hot water autoclave (ultrapure water; 200 °C; 230 bar; 15 h). Following exposure, the micro-cantilevers appeared to be fused together by corrosion product, with no cracking evident. A FIB cross-section of the corroded beam revealed that the cantilever was no longer free-standing due to growth of the corrosion product ([Figure 49](#fig49){ref-type="fig"}(d)). The work by [@bib64] is a possible avenue for further research, but optimisation needs to take place to ensure that the micro-cantilevers are of the right size and geometry for use in high-temperature corrosive environments. Furthermore, questions remain. What is the impact of EAC testing on this length-scale and how can this impact be quantified for comparison to larger length-scales? We have already discussed the work of [@bib63] and [@bib78], which need to be considered for future work using the FIB technique for micro-scale EAC cantilever experiments. How representative are the very small sample volumes used (\~100 s μm^2^), compared to a larger sample of the material used in conventional EAC testing (10 s cm^2^). Given the smaller volume, there is both the potential for a lower dislocation density as the volume has reduced and also a greater probability that the small volume selected for measurement will not be representative due to the highly-local measurement. For instance, in these micro-mechanical experiments only one or two grains may be examined, but in a standard EAC experiment tens of thousands of grains may be present.Figure 49Example of a setup for EAC study on the micro length-scale in high-temperature, high-pressure water conditions: (a) hexagonal profile micro 40 μm length beam; (b) self-stressed micro-cantilevers; (c) top-down view of micro-cantilevers following exposure to how water environment; (d) cross-section of the corroded hexagonal beam following exposure to hot water environment. From [@bib64].[47](#fn47){ref-type="fn"}Figure 49

What is required, therefore, is a selection of techniques across multiple length-scales. Only then will this allow the material scientist to understand the pre-initiation, initiation, short crack and long crack stages so vital in underpinning the EAC mechanism at play.

4. Discussion {#sec4}
=============

4.1. Understanding processes {#sec4.1}
----------------------------

Application of a range of techniques has significantly enhanced the understanding of EAC; helping develop the mechanisms identified in [Figure 4](#fig4){ref-type="fig"}. Due to the complexity of EAC (outlined in [Figure 1](#fig1){ref-type="fig"}) the research has also shown the importance of using techniques to focus on the relevant length and time scales (which may not be known *a priori*). The phenomena occurring at crack tips are extremely important, and no single technique is capable of providing all the information required -- but used in combination development of a detailed mechanistic understanding is possible.

This section reflects on opportunities for further research and development in EAC testing to gain a better mechanistic understanding of corrosion and materials, and, ultimately, to accurately predict the performance of components and structures. The techniques listed here, in general, span the nano-to-micro length-scale, important for linking to the nanometre length-scale research in EAC. To achieve this it is important to identify and measure the correct parameters associated with the local mechanism that is taking place at the crack tip ([Figure 4](#fig4){ref-type="fig"}). The different parameters of interest, dependant on the local mechanism, can be identified and measured by a range of direct and indirect techniques, to gather relevant data to monitor and/or analyse EAC, and also for input parameters in predictive EAC models. [Figure 5](#fig5){ref-type="fig"} shows these techniques grouped together as direct and indirect in accordance to length-scale measured and time-scale for measurement. Due to the relatively large body of work, it is clear from this appraisal that, from the many local mechanisms that have been proposed to describe EAC and the large number of techniques available, there are opportunities in ensuring that:•the most relevant parameters are identified and measured for that particular corrosion mechanism.•the techniques have sufficient capability to measure and monitor the relevant parameters:otechniques could be improved.onew techniques may need to be developed.•the data generated are used effectively in:oanalysing SCC.omonitoring SCC.oSCC models.•development and improvement of computer models is undertaken to predict SCC.•new revolutionary methods and approaches to predicting SCC are developed.

By considering correspondences between the direct and indirect techniques and EAC processes, promising areas of focus for development may be identified:•improvements or advancements of existing techniques to greater time- or length-scale resolution, which expand capability sufficiently to apply to a different set of key processes.•translating indirect techniques into direct techniques, to achieve the key requirement of *in situ* dynamic observation.•finding novel or developing techniques, including those which could be transferred from other fields, not previously applied to material or corrosion science.•combining techniques for use in tandem, to provide correlated data.•expanding the applicability of techniques which have previously been used to study EAC to investigate specific mechanisms that may have practical constraints, such as involving specimens with radioactive inventories.

Only by consulting the EAC toolbox of techniques available to the material scientist is one able to find a selection of techniques most suitable for measurement, taking into account time- and length-scales. These approaches are not sophisticated and have driven much of the development of observation and characterisation methods which now abound, although it is considered helpful that they should be clearly proposed and their relevance to EAC outlined, given the current diversity and rapidity of technique development. Consequently, from the relatively broad consideration undertaken within the course of this appraisal, some initial specific opportunities are evident, which are outlined below.

4.2. Length-scale challenges {#sec4.2}
----------------------------

It is within the pre-initiation and initiation EAC processes that the greatest potential for advances is perceived to lie, due in part to the great difficulty in making meaningful observations at the time- and length-scales involved. With few exceptions, well-established characterisation techniques are under continuous development, notably for improved spatial resolution and reduced imaging time, offering incremental increases in capability for the study of EAC. One example, better described as a step-change improvement, is HS-AFM, which offers significantly enhanced imaging speed and area coverage. The extent of these developments is such that this technique can now be considered fast enough to image initiation events, but also with sufficiently good automation and post-processing to be able to realistically identify the occurrence of these events over a representative surface area, and to examine aspects of short crack growth.

More generally, a number of approaches have been reported for investigating the local distribution of reaction kinetics (EC-STM; HS-AFM; micro-capillary; SVET; micro-electrode EN), and these have already demonstrated key mechanistic aspects. Further refinement of these methods and their application, particularly to allow more general observations, is recommended.

The use of micro-mechanical testing is very relevant to evaluating mechanisms, such as nuclear industry EAC challenges, RIS and irradiation-assisted EAC, due to the applicability to size-reduced specimens. One specific example for this is within the nuclear industry, where radioactive inventory is a practical constraint. Dose rate is not the only driver towards smaller test-scales for irradiated specimens as, for material development, production of these specimens, for example by exposure in test reactors, is very costly and time-consuming. Although micro-mechanical testing can be used to look at the *ex situ* properties of phases produced by environmental exposure (*i.e.* oxidised grain boundaries), there is the opportunity to identify means of mechanically-loading these features *in situ*, either with an external manipulator or by introducing a self-loading mechanism into the cantilever design.

There are now various very high-resolution tools for location-sensitive compositional analysis, including *in situ* methods and quite advanced *ex situ* techniques, capable of providing dynamic information. NanoSIMS provides high resolution compositional information (with high spatial resolution) and is able to provide information on trace elements. In order to successfully characterise EAC mechanisms, a combination of methods should be used, for example NanoSIMS to provide compositional information with high sensitivity, TEM to provide structural and crystallographic information, and post-exposure APT for very high resolution elemental profiling. Only by using a combination of techniques can the material scientist obtain the level of detail required to understand the mechanisms for EAC.

Considering the above points together would suggest that a combination of direct and indirect methods, such as *in situ* dynamic measurements on self-loaded micro-mechanical features alongside indirect compositional characterisation, could bring a breakthrough in the understanding of SCC pre-initiation/initiation.

Additionally, the challenges of characterisation at the nano-scale do not apply solely to materials and corrosion science. Indeed, a large number of technique developments have been translations from other disciplines, notably biological sciences. It is suggested that this trend will continue and that there will be benefit in maintaining a watching brief and, specifically, seeking methods being developed in diverse fields which could be transferred key issues such as short to long crack transition.

It is increasingly important to understand the processes from short crack to long crack. Similar to the multi-legged approach outlined for the study of pre-initiation/initiation, it is suggested that a comparable combination of direct and indirect characterisation, linked with well-controlled mechanically-stressed specimen staging at an appropriate scale, should facilitate rewarding research. The use of small disc (equi-biaxial) and small tensile test specimens extends the observation to multiple phase boundaries, rather than the binary systems normally accessible to micro-mechanical methods. A scaled-up *in situ* approach, for example employing microtomography, will be ably suited for integration with more conventional techniques, notably those probing local electrochemistry (*e.g.* SVET) and chemical composition. The long crack regime represents a stable system, in which the interaction of environment and stress produce conditions for crack tip propagation. It is suggested that a worthwhile focus would be on establishment of this stable system using a set-up which would allow for discreet study of crack tip regions and crack sides. Parameters relating local processes to crack extension mechanisms could then be investigated. The short-term processes should be informed by short crack growth mechanisms. Some of these can be applied directly but the processes are much less spatially constrained, so it is significantly more difficult to undertake analyses on the actual active area. The considerable body of work which exists for long crack growth presents a great advantage if study in this area can be linked with short crack techniques, as it provides a pre-existing data set for validation.
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